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Abstract 
ABSTRACT 
In the process of engine design, it is important for the engine designer to predict the 
accurate component temperatures. Controlling the temperature of engine components 
requires a better understanding of the coolant behaviour in the coolant jacket of an 
engine which is critical to internal combustion engine design, The studies reported in 
the literature emphasize the influence of the cooling system on other engine operation 
such as exhaust emission, fuel consumption and engine wear. In this context, much 
work has been done with the purpose of improving the coolant jacket design and 
components of the cooling system to achieve higher performance. (Some of these 
studies) Previous researches have shown the possibility of achieving higher engine 
efficiency and performance with higher coolant temperature. 
This project aims at understanding the coolant flow behaviour in the coolant jackets of a 
diesel engine and investigating the possibility of running the engine at higher coolant 
temperatures by predicting the temperature distribution of the structure which is 
required for the assessment of the durability ofthe engine components. 
In this thesis, CFD (Computational Fluid Dynamics) and FE (Finite Element) 
techniques are used to study coolant flow in the coolant jackets and to predict the 
temperature distribution within the engine structure respectively. The objectives are to 
develop an FE model of the engine structure for thermal analyses and a CFD model of 
the fluid domain for the coolant flow CFD analyses. A number of case studies are 
carried out with the purpose of determining the most suitable technique for accurate 
temperature prediction. The methodology of manual coupling approach between CFD 
and FE analyses, which is more widely used in industry, and conjugate approach are 
demonstrated. Using these approaches, thermal analysis of the engine is conducted with 
the purpose of identifying the thermally critical locations throughout the engine. 
Furthermore, the influences of higher coolant temperature on these thermally critical 
regions of the engine are highlighted by carrying out four case studies with coolant inlet 
temperatures of 110°C, !ISOC, 117.5"C and !20°C. The temperature rise at the 
particular points around thermally critical regions is found to be in the range of 3-9 
degrees at the higher coolant temperatures. This slight increase in temperature of 
critical locations may affect the durability of the structure. However, without carrying 
out the structural analyses it is not possible to comment on the durability of the engine 
structure. The effects of surface roughness and viscosity on heat transfer rate are also 
investigated and shown to be insignificant. 
Keywords: Cooling System, Diesel Engine, Computational Fluid Dynamics (CFD), 
Finite Element Analysis (FE), Thermal Analysis, Coupling, Coolant Temperature, 
Engine Durability 
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Chapter 1 
CHAPTERl 
INTRODUCTION 
During the combustion process in internal combustion engines (ICE), a large amount of 
heat is generated. Approximately one third of this energy is absorbed by the cylinder 
walls, pistons, and cylinder head. In order to prevent the overheating of the engine oil, 
cylinder walls, pistons, valves, and other components from these extreme temperatures, 
it is necessary to effectively dispose of the heat. Therefore, a cooling system of some 
kind is necessary in any internal combustion engine. The function of the engine's 
cooling system is not only to remove excess heat from the engine but also to get the 
engine up to the correct temperature as soon as possible after the engine starting and to 
keep the engine operating at its most efficient temperature under all operating 
conditions. Therefore, the management of heat transfer in an engine is critical to engine 
performance, efficiency and emission. 
The diesel engine, which has the highest thermal efficiency among engines, will 
become more valuable considering the increasing threat of the limited energy resources 
and global warming due to C02 emissions. The roles of diesel engines with high 
thermal efficiency are certain to grow even more important, and so will the importance 
of further development of diesel engine technology. The focus of this study therefore is 
on further improvement of the cooling system efficiency by increasing the coolant 
temperature and in turn collecting the benefits in terms of improved fuel economy, 
reduced emissions, reduced weight, improved aerodynamics, smaller cooling packs and 
reduced fluid inventory. 
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1.1. Research Issues 
Until recently, not much consideration has been given to the development of cooling 
systems, because it is thought that the cooling systems perform adequately, whereas the 
other areas of engine performance are considered to be less satisfactory. Although the 
basic requirements of the cooling system have remained unchanged, the influence of the 
cooling system on the other engine operations such as the exhaust emission, fuel 
consumption, engine wear have been recognised more recently, and currently a greater 
emphasis is put on the design of the cooling systems. The main aim of the 
improvements in the cooling systems is to minimise the overall waste heat, which is an 
inevitable consequence of the combustion process. In this context, much work has been 
carried out with the purpose of improving the coolant jacket design and components of 
the cooling system to achieve higher performance. Research in the last 20 years has 
shown that improved cooling passage design can yield worthwhile benefits in various 
areas of the engine operations. 
In the combustion chamber, the heat transfer from the working gas to the cooling 
system of a conventional diesel engine accounts for up to 30-35 % of the fuel energy. 
Higher heat transfer rates from the combustion gas lower the average gas temperature 
and reduce the energy converted to do useful work. Therefore, increasing the operating 
temperature of an engine by increasing the coolant temperature, which is presently 90-
11 ooe, is advantageous in terms of lowering the heat loss dissipated by the cooling 
system leading to higher thermal efficiencies, hence more energy would be available to 
turn the crankshaft. However, it is not possible to convert all the energy recovered from 
the reduction of heat loss to the coolant into useful power, as some of this energy is 
discarded through the exhaust system. Additionally, a further benefit expected to be 
gained by the reduction of the heat loss to the coolant is the decrease in parasitic losses 
of an engine due to the reduction in the energy consumed by the cooling system 
components such as the cooling fan, pump etc. The simplifications of the cooling 
system components can facilitate the compact design of the power plant, thus enhancing 
its reliability and maintenance. 
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However, there are several issues that should be taken into consideration: 
• Increasing the coolant temperature requires the cooling system to run at higher 
operating pressures in order to prevent boiling of the coolant within the cooling jackets. 
The boiling temperature for the coolant, which is 50%-50% water-ethylene glycol 
mixture, is 128°C under 2 bar operating pressure. 
• Higher coolant temperature requires higher coolant flow rates within the jacket. 
This is due to the fact that as the coolant temperature increases, the critical flow rate, at 
which the onset of flow instability occurs, increases and the safety margin decreases 
between the coolant flow rate and critical flow rate. The temperature of the coolant in 
the engine must not increase to the point where the flow rate is below or even close to 
the onset of flow instability. These two factors have an impact on the components of a 
cooling system such as the pump, valve, hoses etc. 
• The most significant and critical point is the durability of the engine metal 
components at higher temperatures, because increasing the coolant temperature results 
in higher component temperatures. If the components are not cooled sufficiently, 
excessive temperatures will adversely affect the material strength, oil film lubrication, 
volumetric efficiency and form hot spots that cause early ignition in the spark ignition 
engines. Therefore, it is important to keep the temperature levels of the components 
below their design limits especially under the most severe operating conditions. 
Therefore the effective management of heat transfer within the cooling passages of the 
cylinder block and head is important, not only to eliminate the hot spot locations, 
creating undesirable thermal stresses which have an adverse affect on the durability of 
engine components, but also to increase the energy level used for conversion into brake 
power, as much as possible. 
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1.2. Aim of the Thesis 
All the aforementioned reasons indicate the significance of controlling the temperature 
of the engine components which is a vital factor for preventing the thermally related 
engine failures. Controlling the temperature of the components requires a better 
understanding of the coolant behaviour in the coolant jacket of an engine which is 
critical to IC engine design. This project therefore aims at understanding the coolant 
flow behaviour inside the cooling jacket of an engine. Proper coolant jacket design is 
vital not only to ensure the reliability and durability of the engine but also to improve 
the engine thermal efficiency. 
The main goal of this study is to conduct an investigation in order to gain a better 
understanding of the risks of running the coolant of a diesel engine (Scout Engine 
whose specifications are given in chapter 3) at higher coolant temperatures, which leads 
to less heat rejection to coolant and higher metal temperatures. A thorough assessment 
of the aforementioned risks is carried out by identifying thermally critical locations 
within the engine structure and quantifying the effects of higher coolant temperature on 
the critical parts of the engine. 
The rationale that motivated this research is to investigate the thermal conditions of the 
engine which may lead to improved engine design by utilising CAB techniques in the 
form of CFD and FE analyses. In this project, Computer Aided Engineering (CAB) 
techniques, i.e. Computational Fluid Dynamics (CFD) and Finite Element (FE) 
analyses, are utilized to predict the coolant flow distribution within the cooling jacket 
and to model the heat conduction within the engine structure respectively. The benefits 
in terms of improved fuel economy, reduced emissions, improved aerodynamics, 
smaller cooling packs and fluid inventory are expected by running the engine at higher 
coolant temperatures. 
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1.3. Objectives of the Thesis 
As primary objectives of the thesis, FE models of the engine structure for the FE 
thennal analyses and CFD models of the fluid domain for the coolant flow analyses are 
developed to investigate the influence of the coolant inlet temperature on the thennally 
critical parts of the engine. In view of this; CFD analyses are conducted to simulate the 
coolant flow inside the cooling jacket of the engine in order to predict the velocity 
distribution, pressure drop and boundary heat flux distribution. The heat flux or heat 
transfer coefficient predictions are then used as coolant side boundary conditions for the 
FE thennal analysis of the engine components . 
. As a further objective, FE thennal analyses are carried out to calculate the steady state 
temperature field representing the quasi-static temperature distribution in the engine 
under the rated power condition of the engine. The rated power is analysed since the 
studies reported in the literature showed that it applies the most severe steady state 
thennalloading upon the engine. 
Initially, the thennal analysis of the engine is perfonned by employing an iterative 
process between CFD and FE analyses. A number of case studies are conducted with 
the purpose of demonstrating the methodology of data exchange between the CFD and 
FE analyses. 
As a final objective, the thennal analysis of the engine structure is conducted using the 
conjugate method. Conjugate approach solves the temperature field of the structure 
simultaneously with the coolant flow within the fluid domain, and hence, eliminates the 
need to define boundary conditions on the structure-coolant interface. The interface 
defmition on the coolant-structure interface is specified using the utilities provided by 
the CFD software and the heat transfer calculations on the interface are carried out 
automatically by the CFD software using an iterative approach. 
The results obtained from the case studies are analysed and discussed to detennine the 
most suitable technique for an accurate temperature prediction. 
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After identifYing the thennally critical locations within the engine structure, the 
influences of higher coolant temperature on these thennally critical regions of the 
engine are highlighted by carrying out four case studies with coolant inlet temperatures 
of llO·C, ll5·C, ll7.5·C and l20·C. The temperature rises at the particular points 
around thennally critical regions are found to be in the range of 3-9 degrees at the 
higher coolant temperatures. 
1.4. Outline of the Thesis 
Chapters 2 gives detailed literature survey on the engine cooling systems and 
applications of CFD and FE techniques for the coolant jacket design and analysis. It 
consists of three main sections. In the first part, the origins of the waste heat and why 
the engines need to be cooled are discussed. The design and function of the 
conventional cooling systems are explained. Following th~ discussion on the influences 
of cooling system on other engine operations such as fuel consumption, exhaust 
emission, engine wear etc., shprtcomings of the conventional cooling system are 
discussed and the benefits obtained by implementing more advanced cooling system 
such as computer controlled cooling systems are highlighted. 
The second part discusses the heat transfer modes occurring inside the coolant jacket of 
an engine. The models developed to predict the heat transfer modes and heat transfer 
coefficients inside the coolant jacket of an engine are reviewed. Furthennore, the 
significance of controlling the temperatures of the components which is a vital factor 
preventing thennally related engine failures is highlighted. Finally, the applications of 
computer simulations for the cooling system analyses and coolant jacket design are 
covered. 
In Chapters 3-6, the CFD analysis of the coolant flow inside the cooling jacket of an 
engine and the FE thennal analysis of the engine structure are covered to predict the 
temperature distribution of the structure which is essential for the assessment of the 
durability of the engine components. 
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In Chapter 3, the CFD model development for the coolant flow analysis inside the 
coolant jacket of an engine is described in detail. In Chapter 4, the FE model 
development for thermal analysis of the engine structure is described in detail. Chapters 
3 and 4 detail only the preprocessing phase of the analyses, i.e. meshing of the solid 
model, specification of the material properties and definition of boundary conditions. 
In Chapter 5, the' case studies conducted with the purpose of demonstrating the 
methodology followed for the manual data exchange between the CFD and FE software 
are discussed in detail, and the results obtained from these cases are presented. The 
challenges of exchanging data between CFD and FE packages are highlighted. 
In Chapter 6, the thermal analysis of the engine was conducted using the conjugate 
approach with the purpose of identifying thermally critical locations. The effects of 
increasing the coolant temperature on these hot spot locations are analysed and 
discussed by carrying out four case studies with coolant inlet temperatures of 11 O°C, 
115°C, 117.soC and 120°C. The temperature rises at the particular points around 
thermally critical regions are found to be in the range of3-9 degrees. 
Conclusions are given in Chapter 7 and suggestions for further work are presented in 
Chapter 8. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1. Engine Conventional and Future Cooling Systems 
2.1.1. Engine Thermal Loading 
. To provide a context for this work it is necessary to understand what happens to the 
energy derived from the combustion of air fuel mixture. Heat balance data published 
in the literature revealed that approximately 113 of the fuel energy is converted into 
power, 113 is exhausted through exhaust gas and the remainder is transferred to the 
coolant. (Actually very small amount of energy is convected and radiated away from 
the hot surface, but it is reasonable to ignore this energy.) The fuel energy balance 
data can be seen in Fig.2.1. As the 2nd law of Thermodynamics stipulates that, all 
energy could not be converted into useful work, in other words 100% efficiency is 
impossible to obtain and this data confirms that waste energy is inevitable 
consequence of a combustion process. (some of the heat has to be rejected, 
preferably at the lowest possible temperature to be able to achieve highest possible 
efficiency.) Therefore, it is vital to understand the origins of waste heat and 
consequences of not controlling it. In view of the heat balance data, it is reasonable 
to ask why there is a need to cool the engine because it reduces the amount of energy 
which is available to turn the crankshaft. 
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2.1 .1. I. The Need for Engine CooLing 
The reasons why the engine needs to be cooled are; 
i) To promote high volumetric efficiency and proper combustion. 
ii) To prevent excessive component temperatures, which can lead to 
thennally related engine fa ilures. 
Figure 2.1 Fuel Energy Balance Data (approximate) 
i ) Volumetric Efficiency 
Volumetric efficiency can be defined as; the effectiveness oftbe engine inducted air 
into a cylinder. 
V I . Effi . Amount of volume of air inducted in per cycle per cylinder o umetnc lClency : 
cylinderswept volume 
This shows that higher temperatures of intake port and combustion chamber surface, 
which increases the heat transfer to inlet charge, cause the air to expand and reduces 
the density of air. Hence higher temperatures decrease the mass of air inducted 
during intake stroke which leads to a decline in the volumetric efficiency. On the 
other hand, cooler intake port and combustion chamber surface temperatures allow a 
higher mass of air to be inducted into the cylinder. The higher the mass of the air 
inducted into the cylinder, the higher the amount of fuel burnt, which increases 
BMEP (brake mean effective pressure) of the engine. In other words, higher 
volumetric efficiency raises the BMEP of the engine. 
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ii )The Durability of Engine Components 
Engine cooling is necessary to prevent excessive component temperatures, which 
can adversely affect engine durabi lity and lead to engine failures. 
The studies in the literature showed that for cylinder heads, the most thenmally 
critical areas are the valve bridges particularly exhaust-exhaust valve bridges 
because they are exposed to high temperature combustion gases. They are also 
subjected to compressive forces at high temperatures due to thenmal expansion of 
the valve seats which is followed by the tensile forces when the engine is switched 
off. This can lead to fatigue failure of the valve bridges. 
The exhaust valves have been identified as another thermally critical area. However, 
they are not directly cooled by the coolant. Heat rejection from the exhaust valves 
mostly rely on transferring heat to the valve seat during the valve closure period 
(approximately 76%) (Robinson, 200 I). The rest of the heat rejection from the 
exhaust valve is through the cooler valve stem to the guide (approximately 24%), 
which is nonmally cooled by the upper regions of the cylinder head coolant jacket 
(Robinson, 200 I). Normally exhaust valve head operate at higher temperatures than 
the cylinder head. This is mainly due to the high rates of heating which occur during 
the exhaust blow down process, the low conductivity of the valve material, and the 
long heat path to the coolant (Robinson, 2001) . Hence high instantaneous rates of 
heat transfer to the exhaust valve seat occur during the valve closure period. 
For the cylinder blocks, the bore surfaces, where the piston ring momentarily comes 
to rest at top dead centre, were identified as the most thenmally critical areas. This is 
because the top areas of the bore surface is exposed to combustion more than the 
lower regions due to piston movements, and hence it is exposed to high temperature 
gases. In literature, it has been shown experimentally that heat flux declines with 
distance in the direction of piston movement from top to bottom dead centre. Also, 
heat fluxes are assumed to be fairly constant between the mid span and the bottom 
dead centre, which are less critical areas (Orton, 200 I, [RlCARDO]). High 
temperatures on the bore surface can cause failure of oil film lubrication, which is 
required by the piston ring to slide over the bore surface, leading to excessive wear 
of the ring and bore surface. It was shown that approximately half of the engine 
frictional losses are due to piston bore friction which is transferred to the coolant as 
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wasted heat. Also, bore surface temperature affects piston temperature since one of 
the heat loss mechanism of the piston is conduction to the bore surface via the piston 
rings. 
After briefly explaining the need to cool engines, this chapter mainly examines the 
design and function of the conventional and future cooling systems. 
2.1.2. An Overview of Conventional Cooling Systems 
There are two types of cooling systems found in cars; liquid-cooled and air-cooled. 
The liquid-cooling system is the most popular for automotive use, because it 
provides the most positive cooling and it maintains an even engine temperature. 
Air cooling is used for small vehicles, only if water cooling is not practical. 
Liquid cooled engines have passages for the liquid, or coolant, through the cylinder 
block and head. Heat is carried away by the use of a heat absorbing coolant that 
ci rculates through the engine, especially around the combustion chamber in the 
cylinder head area of the engine block. The coolant has to be in indirect contact with 
engine parts such as the combustion chamber, the cylinder walls, and the valve seats 
and guides. 
2.1 .2.1 . Working Principle of Conventional Cooling Systems 
In heavy-duty diesel engines, no two approaches to cooling system are the same. 
The components of cooling system are generally the same, but their configuration 
can be modified based on thermal management of the components. The engineer 
must make a decision on the systems to be combined and priority of subsystems in 
the cooling system. 
The pump is at the heart of the cooling system and the coolant is pumped through 
the oil cooler, then through the engine block by the pump. Then, the coolant leaves 
the engine block and is circulated through the cylinder head and enters the 
thermostat, which senses the temperature of coolant (see Fig.2.2). Depending on the 
temperature, coolant is di rected to either the bypass circuit or to the heat exchanger 
(radiator). The thermostat is closed when the engine is cold, bypassing the radiator 
circuit and the coolant is circulated only through the water jackets of the engine 
block. This allows the engine to warm up faster and uniformly so that "hot spots" 
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are eliminated. Bypass branch is used to avoid fluid circulation through the radiator 
to minimize heat losses during the warm-up of the engine or if only limited heat 
rejection is necessary. When the engine reaches operating temperature after the 
warm-up period, the coolant is circulated through the radiator to transfer the heat, 
that the coolant absorbed from the engine, to the ambient air. The cooled liquid is 
then transferred back into the engine to repeat the process. This circulation 
continues as long as the engine is running, with the coolant absorbing and removing 
the engine's heat, and the radiator cooling the coolant. In this type of systems, the 
coolant is circulated by the water pump, and the thermostat controls the temperature 
and regulates the coolant flow distribution through the circuits. 
Figure 2.2. Cooling System 
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2.1.2.2. The Components of Conventional Cooling Systems and Their Functions 
2.1.2.2.1. The Water Pump 
The water pump is a simple centrifugal pump driven by a belt connected to the 
crankshaft of the engine. The pump circulates fluid whenever the engine is running. 
The fluid leaving the pump flows fITSt tbrough the engine block and cylinder head, 
then into the radiator and finally backs to the pump. 
2.1.2.2.2. The Thermostat 
The thermostat, which is I()cated between the engine and the radiator, constantly 
monitors the temperature of the coolant and regulates the coolant flow through the 
radiator. The thermostat permits proper warming of the engine from a cold startup. 
Most thermostats are the "wax" type, which are the single point mechanical control 
mechanisms. When the coolant heats up, the wax material melts, expands, makes 
the valve open and allows the coolant to flow tbrough the radiator. 
2.1.2.2.3. The Radiator 
The radiator is a heat exchanger designed to dissipate the heat which the coolant has 
absorbed from the engine. It is constructed to hold a large amount of water in tubes 
or passages, which provide a large area in contact with the atmosphere. 
Factors that influence the radiator efficiency include: the basic desigu of the radiator 
(number ofrows, tank capacity), the area and thickness of the radiator core that is 
exposed to cooling airflow, the amount of cooling air, and the difference between 
the temperature of the coolant and the temperature of the cooling air. The latter is 
the greatest factor influencing the radiator's efficiency. 
2.1.2.2.4. The Pressurised System 
The cooling systems operated under the pressure enable the system handle higher 
temperatures, since boiling point increases under pressure and the coolant can be 
safely heated to higher temperatures. Even at higher temperatures the coolant is able 
to circulate tbrough the engine without boiling and cooling parts that are at a much 
higher temperature. As long as the coolant remains in liquid form it can do its job 
and transfer heat to the radiator for dissipation. 
I3 
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Radiator Filler Ne-ck Components 
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Figure 2.3. Radiator Filler Neck and Radiator Pressure Cap Components 
(www.howstuffworks.com) 
Pressurisation of the system is achieved by a special radiator filler neck and radiator 
pressure cap (see Fig.2.3). The radiator cap acts as more than just a "lid" for the 
radiator; it keeps the engine cool by sealing and pressurizing the coolant inside the 
radiator and hold the coolant in the radiator under a predetermined amount of 
pressure. The radiator pressure cap can be considered as the safety valve of the 
cooling system. The filler neck cams are for the purpose of holding the cap in place, 
but also pressing the pressure valve onto the filler neck with exactly the right 
amount of preload. The filler neck cams also have a safety stop to prevent vibration 
from loosening the cap or causing a loss of system pressure. 
When the fluid in the cooling system heats up, it expands, causing the pressure to 
build up. The cap is the only place where this pressure can escape, so the setting of .. 
the spring on the cap determines the maximum allowable pressure in the cooling 
system. When the pressure reaches rating of the cap, which is the amount of 
pressure that the cap can withstand, the pressure pushes the valve open, allowing the 
coolant to escape from the cooling system. This coolant flows through the overflow 
tube into the bottom of the overflow tank. This arrangement keeps air out of the 
system. When the radiator cools back down, a vacuum is created in the cooling 
system that pulls open another spring loaded valve, sucking water back in from the 
bottom of the overflow tank to replace the water that was expelled. 
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2.1.2.2.5. Coolant Jackets 
The engine block is manufactured in one piece with the water jackets cast into the 
block and cylinder head. The coolant jacket is a collection of passages within the 
block and head which let the coolant circulate around the "hot spots" which includes 
valve seats and guides, cylinder walls, combustion chamber etc. in order to cool 
them off. 
2.1.2.2.6. Coolant and Coolant Additives 
Water is the best coolant for the given flow rate but low boiling point and high 
freezing point are the shortcomings of water. It is much more efficient to utilize a 
chemical added water to improve the efficiency of the coolant, in this way boiling 
point, which causes the formation of steam pockets, can be increased and freezing 
point can be decreased. 
2.1.2.2.7. Cooling Fans 
The reason the coolant circulates through the radiator is to allow air to pass through 
it and cool the coolant. When the vehicle is travelling at high speeds, the air rushes 
through the grille of the car and passes through the radiator core. If the vehicle is not 
driven fast enough to push air through the radiator, then the fan will pull the air 
through. The fan improves cooling when the vehicle is driven at slow speeds, or if 
the engine is idling. It is usually mounted on the water pump shaft, and is turned by 
the same belt that drives the water pump and the alternator, although it can be 
mounted as an independent unit. Most independently mounted fans are driven by 
electric motors. 
2.1.2.2.8. The Fan Clutch 
The fan clutch is a small fluid coupling with a thermostatic device that controls a 
variable-speed fan. The fan clutch ensures that the fan will rotate at just the right 
speed to keep the engine from overheating, and reduces drive to the fan when it is 
no longer needed. 
2.1.2.2.9. The Water Outlet 
The water outlet on the engine is the connection point between the engine and the 
upper radiator hose which passes hot coolant to the radiator. The water outlet 
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typically covers and seals the thennostat, and in some cases includes a thennostat 
bypass. 
2.1.2.2.10. Radiator Hoses 
Hoses are used to connect the engine and the water pump to the radiator. Radiator 
hoses are made of flexible rubber; size varies depending upon the type of engine. 
2.1.2.2.11. The Heater Core 
The heater core is a smaller version of the radiator that is used to heat the interior of 
the vehicle. The principle is exactly the same as the one used in the radiator for the 
engine, except that the heat is released inside the car instead of outside. 
2.1.2.2.12. The Expansion (Overflow) Tank 
This container provides extra storage space for the coolant when it expands and is 
called the expansion, or overflow tank. 
2.1.2.2.13. Freeze Plugs (Expansion Plugs) 
Freeze plugs are small steel plugs used to seal the holes in the engine block and 
head made in casting. These are designed to hold the pressure of the cooling system, 
but to pop out if the coolant in the block ever freezes. 
2.1.2.2.14. Charge Air Cooler 
Since high intake manifold temperatures have a considerable effect on NOx 
emissions and cylinder life, charge air coolers are generally applied to cooling 
systems of some vehicles esp. to vehicles with turbocharged engines. They are used 
to reduce the temperature of intake air, decreasing its volume and allowing more 
mass of air to enter the cylinders with each intake stroke of the engine. No control is 
applied to intake temperature as in the primary cooling circuit, since the objective is 
to cool as much as possible. In this marmer, the fuel may be burned more efficiently. 
By the application of charge air cooling circuits to vehicles, thennal loads on the 
engine can be reduced, in addition engine power increases with lower fuel 
consumption and reduced exhaust gas emission (Principles of Engine Cooling 
Systems, Components and Maintenance, SAE, 1991). 
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2.1.2.3. Shortcomings of Mechanical Pump, Thennostat and the System Itself 
i) Mechanically driven coolant pumps are designed to circulate coolant through the 
passages in the engine. These pumps are directly connected to engine crankshaft by 
belts or gear mechanisms, thus the coolant flow rate supplied by the pump are 
utterly dependent on engine rotational speed and cannot be adjusted based on the 
engine load. 
The following quote gives an interesting view on pumps; "Driven from the motor 
shaft it pumps in proportion to motor speed and not in proportion to the temperature 
of the water. When the motor is speeded up and the car is travelling at a high rate of 
speed, the pump is working unnecessarily hard, as the increased speed augments the 
cooling." (Alien & Lasecki, 2001) 
These conventional cooling systems are designed to guarantee adequate heat 
removal from the engine at full load/most extreme operating conditions. However, 
this thennally critical operating conditions represent only 4-5% of the engine 
operations that the vehicle will encounter during its life. Although in most cases 
thennal situation of the engine is uncritical, the engine driven pump provides higher 
coolant flow rates than necessary for the given conditions and run the engine metal 
temperatures cooler than desirable (Lehner et al., 2001). 
ii ) Thennostats are single point control mechanisms only activated at a certain 
coolant temperature (Alien & Lasecki, 2001). Thennostat operation is a function of 
coolant temperature in other words, valve position is based on coolant temperature. 
While the engine is cold (during start-up period) the valve restricts coolant from 
flowing to the engine radiator until the coolant temperature has reached to a 
predetennined temperature at which wax starts to melt. The temperature at which 
the thennostat starts to open: is called its rating point. Thennostats are usually very 
restrictive causing additional parasitic losses (Alien & Lasecki, 2001). Also, the wax 
type thennostats are not very accurate and have a certain hysteresis as well as a 
pretty large tolerance on operating range. 
iii ) Since these types of mechanically based thermal controls cannot respond 
immediately, generally they are not accurate, not controllable and lead to 
considerable parasitic losses, which are considered as drawbacks of these types of 
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systems. They are imperfect control mechanisms. Thus the coolant does not 
approach the desired temperature in a stable marmer. Many times the coolant 
overshoots and oscillates around the desired temperature. Overshoot and oscillation 
may lead to 
• Unnecessary fan operation 
• Engine overheating (due to severe overshoot) 
• Excessive hydrocarbon emissions 
• Thermal cycling of components 
• Excessive opening and closing of thermostat which lead to reduced thermostat 
life (Kanefsky et al., 1999). 
Taking into account the shortcomings of the conventional cooling system and new 
requisites for the future vehicles, it is necessary to redesign the cooling system 
which offers fuel consumption reductions, emission improvements and higher 
engine efficiencies. Much research has been done on the coolant system of engines 
and the results obtained from these recent studies have shown that by controlling 
, 
some components such as pump, thermostat and fan, efficiency and emission 
improvements can be achieved. 
Although the modem vehicles are equipped with some of advanced computer 
control systems and electronics sensors, still traditional means are used for engine 
thermal management, which involves mechanical control valve and engine driven 
coolant pump and they are. similar especially to ones with 50 years ago. The 
development trends in automotive industry include the replacement of the 
mechanically driven control systems by electronic control units and the tendency is 
to design beltiess vehicles (Melzer et aI., 1999). Recent developments on electrically 
driven coolant pump and electronically controllable proportional coolant valve 
make the implementation of these systems to vehicles feasible. 
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2.1.3. Cooling System Developments 
Although electronically controlled coolant systems have been discussed for several 
years, there are still problems such as insufficient electric power, good controllable 
valve and pump design in implementing the optimal system. But recent 
developments make it feasible to add electronically controlled devices on future 
vehicles. 
The developments made in the following areas have made the implementation of 
controllable electronic pumps viable; (Alien & Lasecki, 2001) 
• 42V electrical system network 
• Digital signal processors 
• Efficient electric motors: electric motors with high efficiency have been 
developed as a result of new technologies of electric vehicles. Each electric motor 
integrated into cooling system requires advanced levels of electronic control. 
• Engine control technologies and electronic sensors 
• Computer simulation and modelling tools 
By the implementation of the controllable cooling systems to the vehicles, electric 
power requirements of the vehicle increases and 14V electric network system have 
become overloaded and limited by alternator performance thus cannot satisfy the 
demands. Today 14V electrical generator outputs cannot extend beyond 3 to 4kW. 
For higher demands the only possibility is to increase the operating voltage. The 
solution is the development and implementation of 42V electric networks, which 
can provide up to 12kW output. By increasing the voltage, the alternator power will 
be raised by the same factor as voltage while maintaining the same current limit on 
the alternator. 
Up until 1994, most diesel engines were mechanically governed. Since the engine 
emissions standards were reduced from 0.25 to 0.10 g/bhp-hr, the electronic control 
for fuel injection systems has become viable technology. Implementation of 
electronic control required the implementation of electronic sensors to provide the 
engine control module (ECM) with the necessary information to control the fuel 
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injection system (Alien & Lasecki, 2001). Today, most diesel engines utilize 
electronic control. The sensor used to control the engine fuel injection system can 
also be utilized to control the engine thermal management system. Current sensor 
technology is based on thermister technology, which means that the operation of 
sensors based on thermal electrical resistance. 
The benefits gained by the implementation of controllable electric pump and 
electronic valve to vehicles are as follows; 
i. Reducing Pump Power Consumption 
ii. Decreasing Fan Running Time 
iii. Thermal Optimisation of the Engine 
iv. Reduction in Engine Warm-Up Time 
v. Decreasing Engine Emissions 
vi. Increasing Engine Oil Life 
vii. Increasing Engine Life 
a. Higher Engine Temperatures under Part Load and Idling Conditions 
b. Better Thermal Control of the Engine 
viii. .Increasing System Flexibility 
2.2. Thermal Loads and Heat Transfer Regimes in Internal 
Combustion Engines 
2.2.1. The Effects of Coolant Passage Design on Engine Durability and 
Efficiency 
As it was indicated in section 2.1, engines experience severe thermo-mechanical 
load cycling due to a wide ranging thermal mechanical loads resulting from a 
variety of environmental and combustion conditions they operate in (Makkapati et 
al., 2002). These severe thermal loads results in high component temperatures. If the 
components are not cooled sufficiently, excessive temperatures will adversely affect 
material strength, oil film lubrication, volumetric efficiency and form hot spots that 
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cause early ignition in spark ignition engines. Therefore, it is significant to keep the 
temperature levels of components below their design limits especially under most 
severe operating conditions. 
Excessive.temperature levels in cylinder head and liner may cause severe damages 
as follows; in the cylinder head high thermal load deteriorates the material 
properties and the non-uniform thermal load causes excessive thermal stress, which 
could result in gas leakage or head crack. In the cylinder liner, the high thermal load 
reduces the viscosity of the engine oil, which leads to oil film thickness to be thin. 
Finally, a ring scuffIng can occur. The cylinder bore might be severely deformed, if 
the temperature distribution is not uniform. Therefore, it is essential to reduce the 
thermal loads and achieve uniform temperature distribution on the cylinder head and 
cylinder liner for guaranteeing the durability of the engine. 
On the other hand, it is not desirable to increase the heat transfer in the areas oflow 
heat flux because it adversely affects the thermal effIciency of an engine and 
optimum oil viscosity. Thus, it is important for the engine designer to estimate the 
accurately the component temperatures in design process, because predicting the life 
of an engine depends on how accurately the engine components' temperatures are 
predicted under different operating conditions. 
All the aforementioned reasons indicate the significance of controlling the 
temperature of components which is a vital factor for preventing thermally-related 
engine failures. Controlling the temperature of components requires a better 
understanding of the coolant behaviour in the coolant jacket of an engine which is 
critical to le engine design. Therefore, proper coolant jacket design is vital not only 
to ensure the reliability and durability of the engine but also it has a significant 
effect on engine thermal effIciency. However, irregular and complex structure of 
cooling passages, undeveloped flow and multi-component flows all complicate the 
cooling situation in ICE. Thus, building a prototype engine and performing 
evaluations of thermal conditions by experiments is not a practical approach, since it 
takes long time. Therefore, limited experimental works have been conducted on this 
area. The contemporary and practical approach of studying coolant jacket is to use 
commercial CFD software codes which are powerful tools for engine coolant flow 
analysis. It is used to derive appropriate coolant side heat transfer conditions in 
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order to estimate the component temperature. Hence it is vital to understand the 
capability of CFD codes to accurately predict the coolant velocities and turbulence 
parameters, and successive estimation of convective heat transfer coefficients to 
have high confidence in their contribution to engine metal temperature predictions 
(Makkapati et al., 2002). 
2.2.2. The Heat Transfer Modes 
Engine cooling typically relies on convection, which is the dominant heat transfer 
regime, and boiling heat transfer can take place in the coolant charmels. The 
irregular complex geometry of coolant passages makes it extremely difficult to 
identifY the heat transfer modes at thermally critical areas in engine cooling systems. 
Many experiments have been conducted to identifY the heat transfer modes 
responsible for the cooling. 
Figure 2,4. Locations of thermocouples in cylinder head (Lee & Cholewczynski 
2003) 
With the aim of identifYing the heat transfer modes in the cylinder head, Lee & 
Cholewczynski (2003) conducted an experiment by installing a total of 10 K type 
underground thermocouples at the valve bridges of cylinder head as shown in the 
Fig.2,4, in order to determine the heat flux, the wall temperatures of the gas face and 
coolant. Measurements were taken at three different engine speed and two different 
coolant pressures at wide open throttle condition. Throughout all the tests, the 
coolant temperature was maintained around 79°C. The measured metal temperatures 
were used to calculate the gas face and coolant waIl temperatures by extrapolation. 
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Measured temperatures at different velocities showed that overall heat transfer 
coefficients as well as the heat fluxes increase correspondingly with increasing the 
speed as it is expected. In order to see the effect of coolant pressure on convection 
and boiling heat transfer at the hot spots in the coolant channels, the coolant 
pressure was suddenly dropped, while the other operating parameters were 
maintained. It is expected that at high pressures the boiling is suppressed, while at 
Iow pressures the boiling possihility is enhanced, so that if nucleate boiling were 
present, a decrease in coolant pressure would promote nucleate boiling and 
significantly decrease the wall temperature and vice versa The results obtained 
from the experiment showed that the first appearance of nucleate boiling was found 
at the speed of 5600 rpm and a Iow coolant pressure of 0.84 bar with no indication 
of film boiling and at different operating conditions very effective cooling by pure 
convection was observed. 
More detailed works have been conducted by Robinson, Campbell et aI. (2003) to 
predict convective heat transfer in ICE and by Hawley et al. (2004) to predict 
boiling heat transfer using CFD. Those models can be considered as one of the best 
models in literature which will be discussed in detail in the following section. 
2.2.2.1. Convective Coolant Heat Transfer 
Convective heat transfer models that are specific to complex geometries such as 
engine coolant passages have not been well understood as the flow cannot be 
approximated by simpler cases, such as a fully turbulent flow in a pipe, for which 
empirical correlations exist between the flow conditions and the thermal gradients at 
convective surfaces. Therefore, predicting the heat transfer coefficient inside the 
coolant passages has for a long time relied upon a combination of experimental data, 
empiricism and experience (Robinson, Campbell et al., 2003). 
From the previous works, it is known that simple heat transfer correlations, used for 
regular simple geometries, tend to underestimate the convective heat transfer 
coefficient by a factor of 3-4, when applied to cooling passages ofICE (see Fig.2.5). 
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Figure 2.5. Comparison of Predicted and Measured Heat Transfer Coefficients 
Prediction Model: standard Dittus-Boelter Correlation (Robinson et aI., 2003) 
Robinson, Hawley et al. (2003) conducted a study to investigate tbe reasons of such 
underpredictions. He built a test rig (see Fig.2.6) to characterize, as far as possible, 
tbermo-fluid, material and physical conditions that would replicate tbe mechanism 
of heat transfer in a cooling gallery. Robinson et al. used Dittus-BoeIter correlation 
(equation 2.1) for turbulent and fully developed flows in pipes, to calculate 
convective heat transfer coefficient in tbe test rig. Data from this rig identified tbat 
undeveloped flow (hydrodynamically and tbermally), surface roughness and 
variation of fluid viscosity witb temperature were possible physical reasons for tbe 
discrepancies between the results. Because Dittus-Boelter equation applies to fully 
developed flows, botb dynamically and tbermally, and to smootb surfaces and all 
fluid properties are evaluated at fluid bulk temperature which are not tbe case for 
tbis test rig. The developing flow region at the entrance of the duct has an impact of 
enhancing heat transfer. Also, witb rough surfaces, the enhanced heat transfer is 
observed as a result of an increase in surface area and a change in turbulence pattern 
in tbe regions close to wall. In addition, viscosity has a direct influence on tbe heat 
transfer because viscosity is highly sensitive to temperature levels. An increase in 
wall temperature reduces tbe viscosity of fluid in the region closest to wall, in turn 
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resulting in an increased turbulence, thinning of the fluid dynamic boundary layer 
and enhanced heat transfer. The above factors all contribute to an enhancement in 
heat transfer. Stone (1999) stated that an increase in surface temperature causes a 
rise in convective heat transfer coefficient because the dominant effect is the decline 
in the mixture viscosity as the temperature rises. Robinson et al. (2003) modified the 
convection correlation of Dittus-Boelter by taking into account of the above factors 
with introducing correction factors to existent correlation and developed a 
composite convection model (equation 2.2). It has been shown that the agreement 
was seen to be much improved relative to the unmodified Dittus-Boelter correlation. 
With Dittus-Boelter convection model, the mean predicted heat transfer coefficient 
was on average only 38 % of the experimentally measured value, while with 
composite convection model, the average predicted value became 96 % of the 
experimental value. 
Figure 2.6. Cutaway Diagram of the rug Duct (Robinson et aI., 2003) 
Dittus-Boelter correlation 
Nu = 0.023. Reo.s. Pr°.4 (for Tooo1ant< Tw) (2.1) 
Composite convection model 
Nu = ( Dittus-Boelter correlation) x (entrance factor) x (unheated starting length 
factor) x (roughness factor) x (viscosity loading factor) (2.2) 
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In order to investigate the effectiveness of composite convection model in ICE 
cooling, a case study was carried out by Robinson, Hawley et al. (2003) in which 
both an experimental thermal survey and CFD coolant predictions have been 
performed. The case was chosen that of the cylinder liner cooling of heavy duty 
diesel engine operating at rated power conditions. A radial traversing thermocouple 
was placed into an end cylinder liner and it passes through the middle of the same 
coolant gallery as shown in Fig.2.7. At the rated power condition, with same coolant 
flow rate used in CFD prediction, the temperature was measured at I mm intervals 
through the liner. This location for thermocouple was chosen because one 
dimensional heat flow and one dimensional coolant flow approximations could be 
made. 
Liner 
Ho!e depth 7.5mm 
J mm &om. ps face 
~L-JL----I Coo! .. Passa"" I 
Top passage dimensions approximately 
4m:m wide " 24 mm higb 
Figure 2.7. Thermocouple Installation and the Coolant Passage Geometry: Case 
Study (Robinson, Hawley et al., 2003) 
In order to predict the heat transfer coefficients at the thermocouple position using 
the model, the following data were required; coolant passage dimensions (width, 
height and length), coolant velocity (from the CFD analysis), coolant inlet 95°C and 
outlet temperatures JOO.2°C (into block and out from the cylinder head 
respectively), coolant type (50/50 water/ethylene glycol antifreeze), cooling system 
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pressure, traversing thermocouple data and thermal conductivity of the metal. Using 
the traversing thermocouple the temperature gradient was found to be 2.87 Klmm 
through the cast iron whose thermal conductivity is 45 W/mK (Robinson, Hawley et 
al., 2003). Then the heat flux was simply calculated by mUltiplying the temperature 
gradient with thermal conductivity and its value was found as 129150 W/m2• Back 
of the liner temperature which is in contact with coolant was calculated by a simple 
extrapolation of the temperature gradient. Since metal temperature is below the 
saturation temperature at the system pressure of 2 bar, the heat transfer regime is 
purely force convective. Coolant temperature at the thermocouple position, which is 
of interest, was calculated by simple interpolation between coolant inlet and outlet 
temperatures. Then the heat transfer coefficient could be simply calculated by 
dividing the heat flux by the temperature difference between metal surface and the 
coolant, and it was calculated as 9539 W/m2K. The next step was to predict the heat 
transfer coefficient by using the composite convection model from the knowledge of 
fluid flow and geometric parameters. Heat transfer coefficient was calculated as 
7381 W/m2K which was underpredicted by around 20 %. (Robinson, Hawley et al., 
2003) But a large improvement over 50% has been achieved when compared with 
Dittus'-Boelter correlation. 
2.2.2.2. Predicting Boiling Heat Transfer 
Past studies in literature demonstrated that both nucleate boiling and film boiling 
can occur in the cooling jackets of an engine. It is known that the dominant mode of 
heat transfer in an engine is forced convective heat transfer but the complication that 
comes in is when and at what locations an engine experiences boiling due to poor 
coolant jacket design. Another problem with the coolant passage design is the 
difficulty of identifying the regions of pure convection, nucleate boiling and film 
boiling in the coolant passages of ICE. Also, the phase of boiling, nucleate boiling 
or film boiling, could alter the temperature predictions, because different boiling 
models are used depending on the boiling phase. 
There are many studies in the literature conducted with the aim of predicting the 
heat transfer inside coolant jacket. 
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The majority of predictive work undertaken on flow boiling has been empirical in 
approach (Hawley et al., 2004). Hawley et al. (2004) has undertaken a study to 
assess the capability of incorporating different empirical approaches into a 
computational fluid dynamics environment for predicting boiling heat transfer in the 
cooling galleries of internal combustion engine and experimental study has been 
conducted to validate the results. In Hawley et al.' s study, three different boiling 
heat transfer models were described; one based on the principle of superposition 
(Chen, 1966) and two based on the partial boiling method (Thorn et al., 1965 and 
Cipolla, 1987). Overall, the Thorn et al. (1965) partial boiling approach was found 
to be the most representative of the three considered. Before giving the details of 
Hawley's work, boiling heat transfer mechanism within the coolant passages of IC 
engine will be explained briefly. 
The cylinder can be simply considered as a wall being heated on one side and 
cooled on the other side by a coolant flowing across its surface (Norris et al., 1993). 
As long as the wall temperatures stay below the boiling temperature of the coolant, 
the heat transfer from the wall to the liquid will occur by forced convection with the 
heat transfer rate depending on the coolant properties, coolant velocity and the 
temperature difference between the surface of the wall and the coolant. During the 
combustion process, if the temperature of the wall surface adjacent to coolant 
increases to the level of coolant boiling temperature, the vapour bubbles will form 
on the surface of the wall and be entrained by the flowing coolant where they will 
condense. The movement of the bubbles from the wall into the flowing liquid cause 
an increase in heat transfer coefficient which results in an enhanced heat transfer, in 
other words, a turbulence effect is generated due to bubbles motion. This is known 
as nucleate boiling. However, if the wall temperature continues to increase, bubble 
formation rate increases and they cannot be entrained by flowing coolant anymore. 
This results in the formation of a layer of superheated vapour adjacent to wall and 
this is known as film boiling which is an undesirable mode. Because, the vapour 
layer over the surface with lower heat transfer coefficient, acts as an insulator and 
prevent the heat transfer from the wall surface to coolant which results in a sharp 
increase in wall temperature. 
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Indeed, boiling is an extremely advantageous mechanism, since it is accompanied 
by higher heat transfer rates for only small increases in surface temperatures. 
However, the scientific aspects of flow boiling heat transfer in small irregular 
passages like in the coolant jackets of ICE are not well understood (Hawley et al. 
2004). Due to the inherent risks associated with the intentional generation of vapour 
layer over the surface, this two-phase heat transfer mechanism is not desirable for 
the internal combustion engine application. Because generated vapour can lead to 
two potentially undesirable situations: 
1. Blockage: Since the diameter of coolant passages are small, the generation of 
bubbles could lead to the blocking of such passages, thereby cause a restriction to 
incoming coolant flow. Although this condition is undesirable, it is not as damaging 
as vapour blankets. 
2. Vapour blankets: At extremely high heat fluxes the bubble activity at the heated 
surface can become so intense that a vapour blanket forms. Under such conditions, 
the blanket of vapour bubbles acts as an insulator preventing heat from escaping. 
Subsequently, if this condition were experienced in an engine, it would quickly 
overheat and suffer catastrophic failure. This vapour blanket condition is usually 
referred to as film boiling. For film boiling to exist, a critical heat flux (CHF) level 
must be exceeded. 
In the study of Hawley et al. (2004), three different models developed by Chen, 
1966, Thorn et al., 1965 and Cipolla, 1987 have been incorporated into a CFD 
package to provide predictions of heat transfer coefficients validated against 
experimental results from a thermal flow rig. The rig was specifically designed to 
replicate, as far as possible, the thermo-fluid situations that are found in IC engine 
cooling galleries and it has formed the basis of numerous heat transfer studies 
undertaken and reported by researchers at the University of Bath which was 
mentioned previously in the thesis (Robinson et al. 2003 and Campbell et al. 1999) 
(see Fig.2.6). The objective of Hawley et al.'s study was to develop a suitable and 
robust technique for the prediction of boiling heat transfer in IC engine cooling 
galleries using CFD. This is considered as a desirable feature within the design 
process for future engine development. 
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Three different models mentioned above, chosen for inclusion in CFD package, 
were considered to follow the principle of superposition or adopt the partial boiling 
approach. (Hawley et al., 2004) 
1. Superposition method 
Nucleate boiling was superimposed on to forced convection heat transfer. (Hawley 
et al., 2004) Collier and Thome (I994) suggested the following correlation to 
calculate heat transfer under subcooled boiling conditions. 
q" = hconv. (Twoll- T""ol .. V + hnne • (TwoIl- T,at) (2.3) 
In which hconv is calculated by using composite convection model (modified Dittus-
BoeIter correlation, equation 2.2 developed by Robinson et aI. (2003) and boiling 
convection coefficient hnne is calculated by the following algorithm suggested by 
Chen, (I 966) 
k 0.79 (C ) 0.45 0.49 I • p I ,PI 0.24 0.75 h"", = 0.00122 x ( 0.5 0.29 0.24 0.24 )./',.T~, .!!.P", (S) (2.4) 
er .Il, .h" .p, 
where /',. T sat = TWoIl - T,", /',.p ,", = P woI1 - P ,m 
S: suppression factor 
S accounts for the fact that nucleate boiling is less intense under convective 
conditions than in pool boiling. (Robinson, Campbell et al., 2003) 
A set of algorithms given by Kreith and Bohn (1986) and used by GoIIin et al. 
(1995) was used to determine the suppression factor, S. 
These algorithms are based on the two-phase Reynolds number, Retp. For values of 
Retp<32.5, 
S=' I. where 
1+ O.12Re~14 
For subcooled flow boiling heat transfer, F is equal to one. 
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II. Partial Boiling method 
Three different heat transfer regions were defined in partial boiling method. The 
first one is the single phase forced convection region, below the saturation region. 
The second region is the boiling region just slightly above the saturation 
temperature and this point is known as the onset of nucleate boiling (ONB) point. 
Tonb is calculated by using the following formula where the heat flux at the ONB 
point, q" onb can be calculated from the single phase forced convection heat transfer. 
T - T = (8.a·q;"".T,at )1/2 
Qnb sat h k 
Iv' fy'Pv 
(2.5) 
The third region in which boiling becomes more developed across the entire surface 
is fully developed boiling. The boiling dominates the heat transfer in this region and 
the coolant velocity and inlet subcooling have little effect on the boiling heat 
transfer. Two equations have been developed for the fully developed boiling region 
by Cipolla (1987) and Thom et al. (1965). Thom et al. (1965) studied nucleate 
subcooled boiling of water using a tubular test section and proposed the following 
formula, 
"- ( !!.T,at )2 X 10' 
q - 22.65.e-(P/8MO'l (2.6) 
where p is pressure 
and the other equation developed by Cipolla (1987) was based on Thom's 
algorithm, and the major difference is antifreeze mixture was used rather than water. 
" = 0 73 104 2.33xlO"'.P A Tl.27 q . x.e .Ll
sat 
(2.7) 
The results obtained from Cipolla's equation showed success, although at some 
points scatter is significant. 
The region between the forced convection and fully developed boiling is known as 
partial boiling region. To calculate the heat transfer in this region, the following 
equation is used 
11 11 q"=q",~,{I+[q"bcil .(1- ~. B )]2}OS 
q COTrV q hoil 
(2.8) 
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the equations developed by Thom et al. (1965) and Cipolla (1987) can be used to 
calculate q"boil and q"B. where q"B is calculated by substituting Toob - Tsat for c"Tsm• 
Hawley et al. (2004) modeled the experimentally studied engine-cooling gallery 
using (finite volume) computational fluid dynamics (CFD) package STAR-CD to 
compare the results. Fig.2.8 shows the geometry of the three-dimensional CFD 
model built by Hawley et al. (2004). 
Inlet 
~ 
Figure 2.8. CFD model of simulated engine cooling gallery (Hawley et al., 2004) 
The nucleate boiling heat transfer models described above were implemented 
through the user coding interface to the CFD package, in order to calculate wall 
surface heat transfer coefficients that then affect the computed fluid temperatures. 
The computed fluid dynamics was not affected; no attempt was made to model 
bubble generation or the movement of bubbles in the fluid. This pragmatic approach 
to the modeling was a development of existing techniques, which gives rise to a 
practical implementation requiring only modest computing resources (Hawley et al., 
2004). 
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I Effect of bulk velocity on heat transfer 
The effect of varying the bulk cooling flow velocity on the computed and measured 
heat transfer is shown in Figures 2.9(a) to 2.9(c) for the Chen (1966), Thom et al. 
(1965) and Cipolla (1987) models respectively. For each model, increased velocity 
leads to increased heat transfer in both the forced convection and nucleate boiling 
regions. 
• ExpOO(~I·O.Z5 
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Figure 2.9 (a) Effect of Velocity - Chen boiling model at 2 bar pressure, 90°C inlet 
(Hawley et al., 2004) 
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Figure 2.9 (b) Effect of Velocity - Thom Boiling Model at 2 bar pressure, 90°C Inlet 
(Hawley et aI., 2004) 
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Figure 2.9 (c) Effect ofVeiocity- Cipolla boiling model at 2 bar pressure, 90°C inlet 
(Hawley et aL, 2004) 
It Effect of pressure variation 
Changing the system pressure changes the fluid saturation temperature. Figures 
2.10(a) to 2.10(c) show the effect of pressure on the computed and measured 
variation of heat flux with surface temperature. As it can be seen from the 
experimental results presented in Fig.2.lO, variations in pressure have little effect on 
the heat flux in the forced convection region. 
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Figure 2.10 (a) Effect of Pressure - Chen boiling model at 1 mls, 90·C inlet 
(Hawley et aL, 2004) 
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Figure 2.10 (b) Effect of Pressure- Cipolla boiling model at lmls, 90°C inlet 
(Hawley et al., 2004) 
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Figure 2.10 (c) Effect of Pressure- Thorn boiling model at lmls, 90°C inlet 
(Hawley et al., 2004) 
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Ill. Effect of fluid temperature variation 
Figures 2.1I(a) to 2.1I(c) show the computed effect of fluid temperature variation 
on heat transfer coefficients for each of the three models, in comparison with 
experimental results for fluid temperatures of 60, 90 and 120°C . 
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Figure 2.11 Ca) Effect of Temperature- Chen boiling model at 2 bar pressure, 0.25 
mls (Hawley et al., 2004) 
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Figure 2.11 Cb) Effect of Temperature - Cipolla Boiling Model at 2 bar pressure, 
0.25 mls (Hawley et al., 2004) 
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2.11 (c) Effect of Temperature - Thom boiling model at 2 bar pressure, 0.25 mls 
(Hawley et al., 2004) 
In tbe study of Hawley et al. (2004), tbree boiling heat transfer models have been 
incorporated into a computational fluid dynamics model and tbe results have been 
compared witb experimental results from a simulated engine-cooling gallery bench 
rig. Overall, the Thom model was found to predict tbe experimental results witb tbe 
minimum difference, witb a mean deviation of 36.4 per cent, followed closely by 
the Chen model at 40.6 per cent. In general, the Chen model represents parametric 
variations well, except at certain conditions such as changes in the bulk fluid 
temperature (Hawley et aI., 2004). 
Another experimental work has been undertaken by' Campbell et al. (1999) to 
investigate tbe effects of coolant medium parameters (coolant velocity, inlet 
temperature, system pressure) and surface roughness on heat transfer. A rectangular 
duct rig, which simulates different sizes of coolant passages, has been used to obtain 
experimental heat transfer data for tbe forced convective, nucleate and transition 
boiling regimes. The results obtained from tbe experiments showed that increasing 
coolant velocity, decreasing inlet temperature or decreasing system pressure leads to 
increases in heat flux density. Reductions in system pressure also promote tbe onset 
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of the critical heat flux. The "as-casf' surface produces increases in heat transfer of 
up to 90% over that of the smooth and intermediate surfaces. The increase in heat 
transfer seems to be related to the average roughness parameter Ra (Campbell et al. 
1999). A similar study was conducted by Hawley et al. (2001). The results of his 
study can be interpreted as follows; 
• increasing coolant velocities increase the heat transfer which is expected trend. 
As seen from the experimental results presented in Fig.2.9, for a given heat flux 
level, increasing coolant velocity causes a rise in heat transfer coefficient and, 
therefore a reduction in surface temperature for both the forced convective and 
nucleate boiling regimes. The main reason that causes an increase in heat flux with 
higher coolant velocities is the reduction in the thickness oflaminar sublayer of the 
turbulent boundary which forms the most significant resistance to the heat transfer 
in the convective regime. Figure 2.12, which presents the experimental results 
carried out by Hawley et al., (2001), highlights an example of effects of variations in 
coolant velocity on heat transfer coefficient. The experimental studies carried out in 
the literature also showed that heat transfer coefficient is essentially constant 
throughout the forced convection region and is independent of the wall temperature. 
• decrease in inlet temperature result in increased heat flux which is expected 
result, since a decrease in coolant temperature results in rise of temperature 
difference between the coolant and wall which leads to higher heat flux. The 
experimental results presented in 2.11 and Fig.2.13 showed that almost a constant 
value of heat transfer coefficient is obtained regardless of coolant inlet temperature 
in the regions low heat flux. However, at larger heat fluxes, the temperature of the 
fluid layers closest to the heated surface, which have a major effect on the local heat 
transfer rate, will be dominated by the surface temperature, and less influenced by 
the incoming fluid temperature. This causes a drop in the fluid viscosity and 
therefore the fluid layer thickness, which is responsible for the rise in heat transfer 
with surface temperature. 
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• the effect of coolant pressure variation is expected to have an influence on 
boiling regime rather than convection regime, which matched with the experimental 
results. Because, in nucleate boiling regime a decrease in coolant pressure would 
promote boiling and increase the heat flux and significantly decreasing the wall 
temperature. 
• the surface roughness has been found to enhance convective heat transfer in the 
regions of high velocities and it does not have an effect on the regions with low 
velocities (see Fig.2.l4). Also the relative advantage of the rough surface for high 
flow velocities has been shown to diminish in the boiling range. 
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Another method for predicting the heat transfer rejection to coolant has been 
developed by Imabeppu et al. (1993). Unlike the other studies mentioned above, in 
his study, the heat flow path in the engine was divided into several components and 
equations and the whole heat release was obtained by totalling the heat release of 
each component which are cylinder head, cylinder block, exhaust port and exhaust 
manifold. (It was seen that the exhaust ports and exhaust manifold accounted for 
approximately 30-40% of the total heat rejection to the coolant. Since the heat 
transfer mechanism of exhaust port differs from the combustion chamber, a different 
. prediction formulation was developed for exhaust manifold and ports). 
Imabeppu et al. (1993) carried out an experiment under different engine operating 
conditions to validate the derived equations. It was seen that 4-5 % discrepancy 
exists between experimental results and the values obtained from the equations, 
which can be considered as a good agreement. One notable feature of this method is 
that it can accurately estimate changes in heat rejection to the coolant as a result of 
partially modifYing the engine specifications or varying the operating conditions. As 
a result, it can be used as a useful tool for engine design optimisation. 
2.2.3. Restrictions for Higher Coolant Temperatures 
The cooling system should have adequate capacity to carry off a certain amount of 
heat to maintain the temperatures of materials within specified limits. 
Following factors must be taken into account while running the engine at higher 
coolant temperatures; the coolant flow rate effects and the nucleate boiling and 
critical heat flux (CHF) point. 
• For efficient cooling process an adequate local coolant flow rate is required to 
prevent vaporization of the coolant within the heated passages of engine (Kanefsky 
et al., 1999). In other words, local coolant flow rate should be a certain amount 
greater than the coolant flow rate at which onset of flow instability (due to 
vaporization) occurs. But there is a limit for the maximum coolant flow rate as well 
which is determined by the stability of the corrosion protection layer. High local 
coolant velocities cause erosion which causes pitting. Pitting creates high stress 
regions which reduces the strength of the cross section. In summary, there is a 
minimum and maximum local coolant velocities for efficient cooling. 
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In order to assure to avoid the onset of flow instability (OF!), the coolant flow rate 
should be weH above the critical flow rate. Critical flow rate is a ftmction of 
subcooling at the engine exit or inlet. The temperature of the coolant in the engine 
must not increase to the point where the flow rate is below or even close to onset of 
flow instability. As the temperature increases subcooling decreases which in turn 
increases the critical flow rate. In other words, at higber coolant temperatures the 
critical flow rate, at which onset of flow instability (OFI) occurs, is higber which 
means that higber coolant temperatures require higber flow rates througb the engine. 
Therefore the temperature must be limited in order to maintain satisfactory margin 
above OF!. 
• Critical heat flux (CHF) refers to onset of vapour blanketing in an open 
channel, however in an engine heat transfer takes place inside the small circular 
passages. For this reason nucleate boiling occurrence is pretty risky in the engine 
cooling channels which can cause not only an insulation of metal surface but also 
blockage of incoming flow in the passage. This blockage in passages can occur at a 
heat flux level lower than CHF level caused in open channels. 
The coolant temperature within a system must be within the foHowing limits; 
• Coolant bnlk temperature anywhere in the system must not exceed the saturation 
temperature of the coolant during the operating conditions. 
• Coolant temperature must remain below the temperature which would cause the 
coolant flow rate to fall below the point at which onset of flow instability occurs. 
• Coolant temperature must remain below the limiting temperature of any 
component that is exposed to coolant. 
• Coolant temperature must remain below the temperature which would cause the 
pump to cavitate to the extent that the flow rate is insufficient. 
• Coolant temperature must remain below the limiting temperature that would 
allow cavitation damage to cylinder head and cylinder liners (Kanefsky et al., 1999). 
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Due to the all reasons mentioned above, currently engine designers are choosing to 
avoid nucleate boiling and to stay well within the convective heat transfer mode. 
The advantage of this approach is that there is no danger of approaching OFI, 
which can not be analytically predicted yet. 
Another problem in the cooling systems is the cavitation damage. When the 
coolant temperature approaches its maximum value at which coolant flow rate is so 
close to critical flow rate, in other words safety margin is at its smallest value, it is 
likely for pump to begin to cavitate. Cavitation damage can be prevented by 
increasing the level of subcooling. The level of subcooling can be increased by 
changing the temperature and pressure. Lowering the temperature is the best 
alternative, because it increases the margin of safety above OF! without increasing 
metal temperatures at all. The aim of the designer should be to maintain a high 
degree of subcooling in the areas which are susceptible to cavitation damage. 
2.3. Computer Simulation Applications 
2.3.1. Computer Simulation Applications for Cooling System Design 
Computer simulation benefits the vehicle thermal system design by reducing the 
design time and cost. Thus, computer simulation is rapidly becoming an established 
and integral part of the design cycle for automotive manufacturers worldwide. 
2.3.1.1. Interaction of 3D and ID simulations 
Automotive cooling systems are simulated at two levels, one of which is highly 
detailed simulations of the local flows within the cooling jackets, and the other is 
the simulations of the external cooling circuit. The former is performed with 3D 
CFD software and the latter is performed with a 10 code. The 3D analysis is done 
because it is vital for the engine designers to obtain detailed heat transfer rates, 
temperatures, and velocities, in order to determine hot spot locations that cause 
distortion and failure. ID computation is done to obtain the overall flow rates, 
temperatures and pressure losses in the cooling system. These two computations 
are not independent. The 3D computation uses the global flow conditions obtained 
from ID simulation as boundary conditions for the detailed local flow calculations 
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and ID computation uses local pressure drops obtained from 3D simulation in the 
global flow calculations. 
2.3.1.2. 1-D Simulations (Flowmaster~ 
A complete system can be modelled as a collection of subsystems which are 
airflow through the vehicle, the coolant system, the engine oil system, the 
automatic transmission fluid system and the engine block. (Burke & Haws, 200 I) 
Thus, simulation enables the engineer to understand the performance of vehicle 
thermal management system and the interactions of the subsystems better .. 
Although the designers are able to understand the performance of the individual 
components based on their past experiences, it is still difficult for them to 
understand the performance of a collection of components when those components 
are assembled as a complete system and interacts with other systems. 
Before building and analysing the CFD model of coolant jacket by 3D CFD codes, 
which will be explained in detail in the following section, a complete mathematical 
model of a vehicle's thermal system needs to be constructed and analysed using the 
commercially available Flowmaster2 software, a powerful tool to simulate and 
examine the performance of the entire cooling network, a one dimensional fluid 
flow analysis program. It allows engineer to graphically model complete fluid 
systems to predict pressure, temperature and fluid flow distribution in their 
systems. 
Burke & Haws (2001) conducted an experiment to show the reliability of 
Flowmaster2 simulation to evaluate the engine cooling system behaviour. In his 
work, predicted radiator temperatures were compared with experimental results, 
and it was shown that Flowmaster2 predicts the radiator temperatures (radiator 
inlet and exit coolant) within 5-IO°C discrepancy range. For the other operating 
parameters such as engine oil temperature results, it was shown that a 10-15% 
discrepancy exists between the results, which could be regarded as a reasonable 
degree of accuracy. 
The benefits of the system simulation are obvious but there is a shortcoming of the 
system simulation which is the need for accurate performance data. Often the 
data/information concerning the flow rate and pressure characteristics of the 
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cooling system components are not easily gathered or acquired; therefore 
sometimes assumptions or estimates are made. If one subsystem is not accurately 
mildelled, its effect on the coolant system depends on the coolant system's 
sensitivity to that system. For this reason, an attention needs to be directed to this 
point in the analysis. 
2.3.1.3. Computational Fluid Dynamics (CFD) 
In general terms, the goal of CFD is to understand the physical events that occur in 
the flow around and within designated objects and boundaries. In this project CFD 
is used for the prediction of the heat transfer coefficient of coolant flows at the 
meta1/Iiquid interface of cooling galleries within internal combustion engines. A 
wall function is often used to determine the heat transfer coefficient based on local 
velocity and fluid properties. Furthermore, the locations of low coolant velocities 
or stagnation areas can be identified. Regions of high flow velocities, which could 
lead to cavitation, can be detected as well. The pressure drop, which is very 
important factor for proper pump selection, can be calculated by CFD applications. 
Makkapati et al. (2002) conducted an experiment to show the reliability of CFD 
method to evaluate the engine coolant behaviour. This experimental study was 
carried out to validate the predicted mean coolant velocities and turbulence 
intensities associated with coolant flows. 
A practical approach for estimating the convective heat transfer involves 
performing CFD analysis on the coolant jacket to predict the coolant velocities and 
turbulence parameters, and successive estimation of convective heat transfer 
coefficients. Hence it is vital to understand the capability of CFD codes to 
accurately predict the coolant mean flows and the turbulence levels to have high 
confidence in their contribution to engine metal temperature predictions. Due to 
highly complicated geometry of the coolant jackets, it is difficult to obtain 
experimental data for validating the CFD codes. Simple flow measurements such 
as pitot tubes can not be used to obtain a reliable measurement of the coolant flow. 
More sophisticated Laser based measurements were used which requires 
transparent coolant jackets made out of quartz or other similar transparent acrylic 
materials. In Makkapati et al.'s experimental setup, coolant velocities were 
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measured at several locations of the engine block and cylinder head. The CFD 
model, including the pump and thennostat, was created by using Fluent to resolve 
the flow field and to then successively compute convective heat transfer 
coefficients. The model was meshed with tetrahedral cells. Standard k-E model and 
standard wall conditions were used. Steady incompressible flow approximations 
were made for the analysis. Good correlation with experimental data was observed 
with k-E model while the other turbulence models did not yield good results in 
general. The experimental data in both the cylinder block and the cylinder head, for 
the mean velocities correlate very closely with the CFD results however CFD 
consistently predicts lower turbulent intensities than the measurements (by around 
50%) (see Fig.2.15 - Fig.2.18). The effect of the inaccurate turbulent intensity 
prediction on the estimation of convective heat transfer coefficients has to be 
understood in detail. There is varied information available in literature about the 
influence of the free stream turbulence on heat transfer. In general, free stream 
turbulence aids in increasing the heat transfer, but the magnitude of improvement is 
found to be much different from one source to another. 
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2.3.2. Integration of Subsystems for Computer Simulations 
Mahmoud et al. (1999) stated that the thermal field within the structure of the 
combustion chamber of an engine is three-dimensional. Therefore, it can not be 
studied accurately without considering the contribution of the thermodynamic 
behaviour of the combustion gas and the fluid mechanics in the cooling water 
jacket. Mahmoud et a!. has undertaken a study to investigate the influences of the 
structure temperature on the coolant flow pattern and visa versa. Mahmoud et a!. 
developed a multidisciplinary analysis approach to simulate the cooling process in 
automotive engines, which was based on the coupling of three types of analysis 
codes. A thermodynamic internal combustion simulation code (BOOST), was used 
for calculating a cycle-averaged convective heat transfer coefficient and gas 
temperature under given engine operating conditions (I-D simulations). The 
coolant temperature near the wall and the convective heat transfer coefficient in the 
water cooling jacket were calculated by using a CFD program (FIRE). 
Subsequently, a FEM-based program (MSCINASTRAN) was used in performing 
3D thermal analysis of muitiple combustion chamber components using the 
boundary conditions obtained from the thermodynamics and CFD calculations. 
(The coupling between the FE and CFD was carried out by an iterative process 
which will be discussed in the next chapter.) Then, he constructed a test rig with 
six cylinder engine to validate the coupling methodology he developed, and also he 
compared the results (flow field and heat transfer coefficient) obtained from 
coupling approach with the CFD analyses performed with isothermal wall 
temperature assumption. The experimental results showed that the multi-
disciplinary analysis methodology has given very I?romising results in comparison 
with the experiments, where it demonstrates the accuracy and the reliability of this 
coupled system approach. This study showed that the interactions between FE and 
CFD codes (temperature and convective heat transfer exchange) have significant 
effects on the flow pattern and surface heat flux distribution. 
Xin et al. (2003) carried out a similar study to show the significance of coverage of 
subsystems of an engine in integrated fashion. Unlike Mahmoud et a!. (1999), Xin 
et al. used conjugate convection/conduction calculations in his study which 
involves computer analysis of the component and water jacket simultaneously. 
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They were analysed as a one system. Then, Xin et al. (2003) carried out an 
experiment to validate his methodology in which the combustion simulations were 
integrated to solid component heat conduction and water jacket analysis to predict 
accurate heat transfer coefficients and metal component temperatures. In his study, 
a bank of V6 gasoline engine was used, in other words, limited size model was 
used which introduced additional errors to the simulations especially the CFD part. 
In Xin et al.' s work, the computational domain for heat conduction analysis 
consists of cylinder head, cylinder liners, cylinder block and head gasket and 
computational domain for heat convection consists of water jackets. A general 
CFD code VECTIS in which coupling for liquid/solid and solid/solid interfaces is 
available, was used for solid components and water jackets (phase change in the 
water jacket was not considered). 
There are essentially two methods to obtain the combustion side boundary 
condition. In the first method, measured heat flux data from experimental studies 
on the combustion chamber surface arc: used as the boundary condition to simulate 
the heat conduction within the engine structure. Obviously, this approach is the 
most accurate one but experimental study is vel)' costly. The second method is to 
use combustion simulations to calculate the heat flux on combustion chamber 
surfaces as it was employed by Xin et al. (2003). In this thesis, the experimental 
data which were supplied by Ricardo were used as a gas side thermal boundary 
condition for the FE thermal analysis of the engine structure. 
From the previous studies reported in the literature, it is koown that accuracy of 
heat flux prediction depends on combustion simulation, wall function model and 
wall temperature. Meanwhile, the accurate component temperature predictions 
depend on how realistic heat flux information could be obtained from the in 
cylinder combustion simulations and heat transfer coefficient on interfaces between 
solid and liquid. 
Xin et al. (2003) used KIVA simulation software for the multidimensional 
combustion simulation and in heat transfer models the chamber wall temperature is 
a vital parameter for accurate heat flux predictions. The results Xin et al. obtained 
from KIVA showed that surface heat flux was highly non-uniform even though the 
initial temperatures are assumed to be constant (The section between the exhaust 
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valves has the highest heat flux). Then, the predicted heat flux results obtained 
from 3D combustion simulations were applied to conjugate heat transfer analysis 
with VECTIS. The results demonstrated that the temperature distributions were not 
uniform because of heat flux variations in combustion chamber, non-uniform wall 
thickness and cooling effects. 
Indeed, local heat flux depends on instant local heat transfer coefficient, local wall 
temperature and local gas temperature. It is known that wall temperature varies 
along the cylinder axis and along the tangential direction. This has an impact on the 
magnitude of the heat flux. The variations in wall temperature affect the 
thermodynamic properties of the trapped gas in the cylinder which will change the 
heat transfer coefficient and gas temperature. 
The results indicated that satisfactory heat flux values, which are critical to predict 
overall engine component temperature, cannot be obtained by the assumption of 
uniform wall temperature. With this consideration, it is necessary to iterate 
between combustion calculations and conjugate heat transfer analysis until the wall 
temperatures on combustion chamber surfaces converge ( Xin et aI., 2003). The 
results obtained after each iteration showed that local heat flux values can differ by 
more than 20% when compared with uniform wall temperature assumption in the 
interbore regions of the cylinder. Also, the calculated temperatures in these areas 
based on predicted heat flux distribution are much higher than the case of uniform 
temperature assumption. 
An experiment was conducted to compare the simulation results with experimental 
results (two different water jacket designs were compared) .. Simulation results 
showed good agreement with the experimental measurements in terms of 
component temperature variations, however the extent of temperature changes still 
differ from the experimental data by 25-30%. 
From the results, it can be concluded that heat flux and temperature distributions on 
combustion chamber surfaces are highly non-uniform and uniform temperature 
distribution assumption results in an unacceptable discrepancy in terms of local 
heat flux and temperature. From the above results, it is clear that integration of 
combustion simulations with heat transfer in solid components and water jackets is 
essential to achieve the required accuracy level in predictions. 
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CHAPTER 3 
CFD ANALYSIS OF COOLANT FLOW INSIDE THE 
COOLANT JACKET 
3.1. Objectives 
In this project, the primary goal of performing computational fluid dynamics (CFD) 
analysis of the coolant flow is to understand the risks of running the engine at higher 
coolant temperatures by identifying the hot spot locations and most importantly to 
provide the coolant side boundary conditions for FE thermal analysis of the cylinder 
head and block. Thermally critical locations can be predicted by examining the surface 
heat transfer coefficient or surface heat flux distributions within the coolant jacket 
obtained from the CFD analysis. Locations with higher heat transfer coefficients or heat 
fluxes are identified as most thermally critical locations. 
In this chapter, after giving brief information about CFD, the steps followed to conduct 
the analysis will be explained in detail. 
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3.2. The Working Principle of CFD Software 
CFD is a computer simulation tool used to obtain an approximate solution to the 
governing equations of fluid flow. The solution is always approximate because only 
discretised versions of the continuum transport equations for fluid flow and energy 
transfer can be solved numerically. 
CFD codes are established around the numerical algorithms that can tackle the fluid flow 
problems. All codes contain three main elements i) a pre-processor ii) a processor, in 
other words a solver iii) a post processor. 
I) Pre-processing 
• Geometry of the computational domain (physical boundaries) is defmed. 
• The space occupied by the fluid is divided into discrete cells (the mesh). 
• The physical and chemical phenomena that need to be modelled are selected. 
• Fluid properties are defined. 
• Appropriate boundary conditions are specified. 
The accuracy of a CFD solution is directly related to the number of elements in the 
regions of high solution gradient. Generally, the finer the mesh, the better the solution 
accuracy is. However large number of cells requires substantial computational power 
which means higher solution cost. Because, employing finer meshes requires powerful 
computers and longer time period to run the analysis. Therefore, optimum mesh size 
must be determined for a given problem. Optimum meshes are generally non uniform 
with fme meshes in the regions where large variations occur in the fluid properties and 
with coarse meshes in the regions of little change. However, current technology does not 
enable self-adapting meshing technology. Therefore, it still depends on the skill of 
analyst to mesh the computational domain which forms a suitable compromise between 
desired accuracy and the solution cost (Versteg & Malalasekera et aI., 1995). 
54 
Chapter 3 
In CFD modelling, most of the time is spent on defming the geometry of domain and 
meshing of the model. Therefore, all CFD codes are equipped with their own CAD style 
interface and facilities to import data from surface modellers to mesh generators such as 
Gambit®, Patran® etc. to maximise productivity of CFD analyst. 
II ) Processing (Solver) 
There exists three different numerical solution techniques to solve Navier-Stokes 
equation. 
i) finite difference method 
ii) finite element method: more often used in structural analysis of solids 
iii) finite volume method: most widely used approach for CFD analysis in commercially 
available software. Fluent® solvers are based on the finite volume method. 
In finite volume method; 
• Domain is discretized into a finite set of control volumes (mesh) or cells. 
• General conservation (transport) equation for mass, momentum, energy etc. is 
integrated over a small control volume. 
unsteady term convection term diffusion generation 
The control volume integration process converts the partial differential equations into a 
system of discretized algebraic equations. Then all algebraic equations are solved 
numerically to render the solution field. 
III ) Post Processing 
Leading CFD packages are now equipped with versatile data visualisation tools (Versteg 
& Malalasekera et a!., 1995). These include 
• Domain geometry and grid display 
• Vector plots 
55 
Chapter 3 
• Line and shaded contour plots 
• 2D and 3D surface plots 
• Particle tracking 
As in many other areas of CAB, the graphics output capabilities of CFD codes have 
revolutionised the communication of ideas to the non specialist. 
3.3. Accomplishments 
In this work, the CFD analysis of coolant flow and heat transfer within the cooling 
jacket of a Tier 2 diesel engine has been performed. This engine is also known as the 
"Scout" engine. The specifications of the Scout Engine are as follows; 
Type: Turbocharged diesel engine 
Configuration: 4 cylinder in line 
Valve Gear: 4 valves per cylinder 
Bore: 103 mm 
Stroke: 132 mm 
Swept Volume: 4.4 litre 
Firing order: 1-3-4-2 
Target Power: 135kWat 2200rpm with 170 bar peak pressure 
Coolant Temperature: 110°C 
This chapter covers the pre-processing phase of the model developed for CFD analysis. 
Processing and post processing phases will be discussed in Chapter 5 and Chapter 6. 
Pre-processing section details the meshing of the cooling jacket and the methodology 
followed for the specification of boundary conditions, material properties etc. to 
perform the CFD analysis of coolant flow. 
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3.4. CFD Analysis ofthe Coolant Jacket 
In design and development, CFD programs are now considered to be standard numerical 
tools and widely utilised within industry. In the past decade, CFD techniques have been 
integrated into design of internal combustion engines. Although the investment costs of a 
CFD capability are not so small, they are not as high as of a high quality experimental 
facility. 
In this project, CFD is used to simulate the coolant flow within the jacket to predict 
velocity distribution, pressure drop within the jacket and surface heat transfer coefficient 
on structure - coolant interfaces. These predictions will then be used as coolant side 
boundary conditions for finite element (FE) analysis of engine components. 
In this project, initially CFD analysis of the existent coolant passage model will be 
conducted to determine the critical locations within engine block and head. 3-D CAD 
(Computer Aided Design) model of the engine block coolant jacket, the cylinder head 
coolant jacket and the cylinder head gasket, which had been developed by Ricardo, were 
provided by JCB. The 3-D model of assembled coolant jacket of an engine can be seen in 
Fig.3.1 which actually represents the coolant flow path within the engine block and head. 
Fig.3.5 shows the 3-D CAD model of head coolant jacket. These models have been used 
for the CFD analyses after being exported from Vnigraphics®. Commercially available 
software packages, Fluent®, Gambit®, TGrid® and Hypermesh have been utilized for 
CFD analyses. Gambit®, Hypermesh® and TGrid® were used for cleaning up and 
meshing purposes and Fluent® 6.2.16 and Fluent® 6.3.26 were used for pre-processing, 
processing and post processing steps. The coolant enters the jacket through the inlet rail 
geometry and circulates around the cylinders. Then it leaves the cylinders and enters the 
cylinder head jacket and after circulating in the head jacket, it leaves the volume via the 
thermostat mounted position. 
The reports of CFD analysis of an early stage engine coolant jacket design, which were 
performed by Ricardo have been available and some input values have been incorporated 
into simulation models from these reports. These reports, which details the CFD analysis 
performed for the coolant jacket design of early engine design stage, were reviewed in 
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detail. Also, these reports involve the one dimensional fluid flow analysis performed by 
using Flowmaster2®, and the data of this analysis will be used in this project. There is no 
need to perform the same analyses, since the same components will be used in the 
cooling system. 
In CFD analysis of the cooling jacket, the coolant space is divided up into individual 
cells and three dimensional equations governing the conservation of mass, momentum 
and energy are then solved iteratively to determine the flow distribution and heat transfer 
coefficient. 
The basic steps followed for CFD analysis using Fluent are as follows: 
• Problem Identification and Pre-Processing 
1. Modelling goals are defined. 
2. The domain (fluid region), which will be modelled, is identified. 
3. Fluid region is discretized into a finite set of control volumes. 
• Solver Execution 
1. Numerical model is set up. 
Appropriate physical model is chosen (turbulent or laminar, steady or unsteady, 
compressible or incompressible etc.), appropriate solver is chosen (Segregated Implicit or 
Coupled-Explicit or Coupled Implicit), material properties are defined, operating 
conditions and boundary conditions are prescribed, appropriate discretization schemes 
(interpolation methods) are chosen ( First Order Upwind, Second Order Upwind, Power 
Law and Quadratic Upwind Interpolation Scheme) and other solver controls are set up. 
2. The solution is computed and monitored. 
The discretized conservation equations are solved iteratively. Residuals provide a 
mechanism to help monitor the trend. The convergence in the solution is reached when 
the residual values reach a prespecified tolerance. The accuracy of a converged solution 
is dependent upon the appropriateness and accuracy of physical models, grid resolution 
and independence, and the problem setup. 
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• Post-Processing 
1. The results are examined to review the solution and extract data. 
2. The revisions to the model to get more accurate solution are considered. e.g. grid 
adaptation. 
For the simplification purposes, CFD analysis was first applied to the quarter of inlet rail 
and lower block jacket model and then the CFD analysis was extended to four cylinders 
The 3-D CAD models of quarter of inlet rail and lower block coolant jacket and entire 
lower block coolant jacket can be seen in Fig.3.3.a - Fig.3.3.d. The main aim of starting 
CFD analysis with small section of assembled coolant jacket model is to get familiar with 
the complexity of CFD applications and to see the likely problems that can be 
encountered during the analysis. Then CFD analysis was extended to the whole coolant 
jacket assembly including the head and block coolant jacket. This thesis involves the 
CFD analysis of whole coolant jacket of an engine. The steps followed for this CFD 
analysis are as the follows; 
3.4.1. Preprocessing-Meshing ofthe Coolant Jacket 
The main challenging points for the meshing are the complexity of the model and the 
data exchange between the CAD system and CFD. For complex geometries such as 
engine block, CFD users rely on the direct use of CAD models, created during the design 
stage, to streamline the CFD model building process. In this work, Gambit was used for 
the meshing of the model during the initial trials but then Hypermesh and TGrid were 
utilized for the meshing of entire engine coolant jacket. The main reason for using 
Hypermesh and TGrid for meshing is that, they have better utilities for meshing complex 
geometries, better editing tools for surface elements and user friendly menus. However, 
TGrid does not work with CAD models directly and it requires surface meshes of the 
model. Therefore, Hypermesh was used only for the purpose of generating surface 
elements, and then the output mesh model was imported into TGrid for volume meshing. 
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Gambit and Hypermesh support a wide range of options for data exchange with other 
CAD/CAE systems, and there are several fundamental issues affecting CAD 
interoperability. CAD interoperability, or the ability to share a CAD model across 
different applications, has been a challenge for engineers for many years. Hidden errors 
and anomalies in the model built in CAD systems, as well as translation issues result in 
numerous problems for CFD and FE analysts. (Fluent News, 2005). Some of the issues 
that affect data exchange from CAD system to another are: 
• Differences in tolerance: Geometry data are often in parametric form, accurate to the 
order of the specified tolerance. Differences in tolerance introduce gaps and overlaps in 
the model. CAD systems often use a tolerance value of IxIO·3, since it is usually good 
enough for primary purpose. On the other hand Gambit uses tolerance values in the order 
of IxlO·6, since it needs precise accuracy. This difference can result in a gap between 
adjacent entities or between the boundary curve and surface data. 
• Model quality in the originating CAD system: Often the original model itself is of 
poor quality. Also, many CAD models work fine for design and drafting, but they do not 
have the quality required for CFD meshing operations. 
• Limitations of translation: Inaccuracies are introduced by translation errors. Often all 
the data types of a CAD system do not have a one to one mapping with standard formats 
used by translators, so approximations need to be made. 
Since CFD analysts usually do not have control over how a model is first created, they 
are forced to deal with problematic CAD files created without any thought given to their 
subsequent use by others. In Gambit and Hypermesh several tools are available to make 
repairs to imperfect CAD models e.g. healing, tolerance modelling, cleanup tool etc. 
In the present work, 3D meshed models of the cylinder block and head coolant jacket 
have been built using CAD data supplied by JCB to perform the CFD analysis of coolant 
through the jacket (see Fig.3.5 and Fig.3.6). 
The challenge in meshing complex geometry is to obtain a high quality mesh that 
resolves the flow physics to the degree of accuracy required to meet modelling 
objectives, within a reasonable amount of time and effort. 
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For complex geometries such as an engine structure, it is not easy to generate hexahedral 
elements, hence tetrahedral elements are more suitable to model complex solid parts. The 
3-D CAD model of the block and head coolant jacket and head gasket models were 
provided individually by JCB. Then, they were assembled in Unigraphics® environment. 
The 3-D model of the assembled coolant jacket can be seen in Fig.3.1. These models 
have been used for the CFD analyses after being exported from Unigraphics® as 
parasolid files. When the model was imported into Gambit or Hypennesh software, it 
turned into very untidy shape with many collapsed faces, sliver faces, overlapping faces 
and many unnecessary details. Therefore initially the model needs enonnous cleaning up 
process before getting the meshing started. In fact, most of the time spent meshing the 
model was spent on geometry cleanup. 
The following steps were undertaken for meshing stage of preprocessing phase using 
Gambit; 
• The model of head and block coolant jacket were assembled in Unigraphics® 
environment. 
• Since the assembled model consists of more than one volume such as inlet rail, lower 
block, upper block, lower head, upper head volumes and gasket holes, the volumes were 
united before exporting from Unigraphics®. 
• The geometry was healed in Unigraphics® and saved as an IGES, Parasolid and STEP 
file for exporting to Gambit (The results indicated that the best mesh quality was 
obtained with Parasolid file fonnat). 
• After the geometry was imported into Gambit environment, it was virtually cleaned 
up. Some of the shared surface edges were suppressed to eliminate slender surfaces and 
problematic shapes and small surface edges were also eliminated in order to prevent the 
generation of highly skewed meshes. 
• The volume was directly meshed with tetrahedral elements. 
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• 3D mesh quality was checked and if the mesh quality was found to be not good 
enough, further cleaning up of the geometry was conducted and the previous two steps 
repeated until the satisfactory mesh quality was obtained. 
• The surfaces on which the boundary loads are applied were defmed. In order to apply 
more realistic uniform wall temperature distribution, the model surfaces were grouped 
into five: the walls of inlet rail, lower block, upper block, lower head and upper head. 
Different temperature values were applied to these sections in Fluent. 
• The meshed model was saved and exported. 
The following steps were undertaken for meshing stage of preprocessing phase using 
Hypennesh; 
• The model of head and block coolant jacket were assembled in Unigraphics® 
environment. 
• The volumes of inlet rail, lower block, upper block, lower head, upper head volumes 
and gasket holes, were united before exporting from Unigraphics®. 
• The geometry was healed in Unigraphics® and saved as a Parasolid file for exporting 
to Hypermesh. 
• After the geometry was imported into Hypennesh environment, initially the 
geometric model was cleaned up using geometry clean up tools available in Hypennesh. 
Cleaning up was started by equivalencing any free edges in the model into shared edges 
to ensure that the surfaces are attached to one another. Small edges, which may produce 
highly distorted elements in the mesh generation step, were suppressed as well. 
• The next step after cleaning up the model is to mesh the model. Even though, 
Hypermesh enables the analyst to mesh the solid model with 3D solid elements directly 
as it was done in Gambit; this way is not preferred due to the possibility of ending up 
with poor solid mesh quality. Therefore, all surfaces were meshed with triangular 
elements (TRJA 3) initially. By this way the user has more control on the quality of the 
tetra elements whose quality is directly dependent on the surface elements quality. The 
size of the element used for meshing the surface of fluid domain is 2.1mm. With the tools 
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available for surface meshes in Hypennesh, quality and continuity of the shell elements 
were checked and necessary modifications were made to surface elements to make it 
more desirable for tetrameshing. Also, to grow a tetra mesh, it is important to ensure that 
2D mesh .enc1oses volume. This was ensured by checking the free and T -connected edges 
of surface elements. If there are invalid free edges, it means that there are duplicate nodes 
that need to be equivalenced. After correcting the problem areas using editing tools 
(eliminating all problems) the model can be exported from Hypennesh in HSACII format 
which TGrid is capable of reading it. 
• The file containing the information of surface elements was imported into TGrid for 
tetra meshing. Similar to the way followed in Hypermesh, highly distorted elements were 
checked and further editing steps were performed to improve the quality of surface mesh. 
Also free edges and T -connected edges were checked again before the generation oftetra 
elements, to ensure that the surface mesh encloses a volume. Then, the model was 
meshed with tetra elements. Then, the quality of the elements was checked similar to the 
way followed for the surface meshes. For different types of solid elements, the quality 
checks of importance will be different. For tetra elements, the quality checks that matter 
most are usually tetra collapse, volume skew and tetra aspect ratio. The advantage of 
TGrid is that, it provides the user with more tools to improve the quality of solid 
elements. Then, necessary editing steps were undertaken to improve the quality of 
tetrahedral elements particularly for the ones which are in the regions where high 
gradients are expected. After satisfactory mesh quality is achieved for 3D elements, the 
model was exported from TGrid in the format of HSCAII and imported into Hypermesh 
with the purpose of defming the surfaces on which the boundary conditions would be 
specified in Fluent. After importing the model consisting of tetra elements into 
Hypermesh, tria elements were created on the free faces of tetra elements which were 
required for the definition of boundary condition in Fluent. These tria elements were 
created using the nodes associated with the free faces of tetra elements. Then those tria 
elements were gathered under 5 different groups, because 5 boundary conditions will be 
defmed for fluid domain in Fluent, which are inlet, outlet, head coolant jacket -head 
interface, block coolant jacket - block interface and gasket - coolant interface boundary 
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conditions. This grouping was achieved by using the utility provided by Hypennesh 
which enables the user to pick the desired elements by selecting one of surface element 
face as a reference and specifying a feature angle value. Then Hypennesh picks the other 
surface elements on the basis of the angle between the nonnal of the adjacent elements. 
Then the tool exte~ds the selection automatically based on the angle specified. However, 
there is a risk of missing some tria elements particularly on the coolant interface due to 
the existence of high curvature features in the model and it is very difficult to identify 
missing element by visual inspection. The only way of ensuring this is, to check the free 
edges within each group of tria elements, using the tools provided for 2D elements in 
Hypennesh. Each group is expected to have free edges on the outer boundary of the 
group of elements. If no free edge is displayed in an unexpected region then it means that 
all required surface elements have been selected without missing any. Conversely, if 
there exists free edges in an unexpected region, then the missing elements need to be 
selected manually and added into the appropriate group. After ensuring that all required 
elements are selected and grouped correctly, the model containing the tetra elements and 
tria elements can be exported from Hypennesh in the fonnat of HSCAII for CFD 
analysis in Fluent. The file contains the infonnation of both the tetrahedral elements and 
triangular elements which were grouped for each boundary. However, since Fluent is not 
capable of reading the file generated by Hypennesh, initially the model was imported 
into TGrid again. In TGrid, boundary condition types were specified on the surfaces, then 
file was saved as a TGrid file which can be read into Fluent. 
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Figure 3. 1. The Assembled 3-D Model of the Cylinder Block Coo lant Jacket, Head Gasket and Cy linder Head Coo lant Jacket 
(Bob Womersley (JCB),Private Communication, 2004) 
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· . 
Figure 3.2. Meshed Model of the Coo lant Jacket ( Tetrahedral Elements ) 
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Figure 3.3.a The so lid mode l used in the first tria l for CFO analysis Figure 3.3.b. The soli d model used in the second tria l for cro analys is 
Figure 3.3.c. The solid model used in the third trial for CFO ana lysis Figure 3.3.d. The soli d model used in the forth tria l for CFO ana lys is 
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3.4.2. Preprocessing and Processing 
The mesh file built in Gambit or Hypermesh and TGrid was imported into Fluent. 
Steady state assumption was made for the analysis. In this analysis, segregated implicit 
solver was used, since the flow is incompressible. Turbulent mixing dominates the 
behaviour of flow, so k-E turbulent model was used where k is the kinetic energy per unit 
mass of fluid arising from the turbulent fluctuations in velocity and E is the rate at which 
turbulent kinetic energy is dissipated to smaller eddies. This model is widely used in 
turbulent flow analysis because it does not require geometry or flow regime. dependent 
input. Momentum, continuity, energy equation and k-E turbulent model were solved 
under the conditions of steady, incompressible and viscous fluid. Standard wall function 
assumption was made for the turbulent model. The number of tetrahedral elements used 
in the calculation is around 2.3 million. Second order upwind di scretization scheme was 
used for the momentum, turbulence kinetic energy, turbulence dissipation rate and 
energy. The under-relaxation factors used for this calculation are given in Table 3.1. 
Table 3.1. Under-relaxation Factors 
Under-relaxation factors 
Pressure 0.4 
Density 0.9 
Body forces 0.9 
Momentum 0.6 
Turbulence Kinetic Energy 0.6 
Turbulent Dissipation Rate 0.7 
Turbulent Viscos ity 0.8 
Energy 0.9 
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3.4.2.1. The Coolant Type 
The coolant type used in the analysis is 50%-50% water-antifreeze mixture (ethylene 
glycol) by volume. The boiling temperature of this coolant under 2 bar pressure is about 
128°C (Hawley et aI, 2001). Also the boiling temperature was reported as 128°C - 129°C 
at 2 bar pressure in Ricardo's reports (Thomas, 2002). The boiling temperature of the 
coolant at I bar and 3 bar pressure were given as 108°C and 140°C respectively (Hawley 
et ai, 200 I). Temperature dependent viscosity model was used in the analysis. The main 
reason for this is, the studies in the literature showed that the fluid viscosity has a strong 
sensitivity to variations in temperature. It is known that viscosity is a very important 
property in convective heat transfer since it influences both the thickness of the 
hydrodynamic boundary layer and turbulent mixing of the coolant. Therefore viscosity of 
the coolant was defined as a function of temperature . Also conductivity and density 
properties of the coolant were defined as a function of temperature even though these 
properties were expected not to show significant response to temperature variations. In 
Fluent, the function for the dependency of viscosity, density and conductivity on 
temperature can be defined by user defined functions (UDFs) and profiles. Profile was 
generated by creating an appropriately formatted text file with boundary condition data. 
The functions used in UDF for the definition of viscosity fluid property are as follows 
(Robinson, K., 2001) 
Viscosity; J1 = 7.3'10-3 'e -<l·0248·T,mp (kg/ms] 
Density; p = (-1.5* 10-3 'Temp' ) - 0.5071 'Temp + 1078.3 
(3.2) 
(kg/m' ] (3.3) 
Conductivity; k = -2'10-6 'Temp' +2'10-4 'Temp + 0.4146 [W/mK] (3.4) 
where temperatures are in °C. 
3.4.2.2. Boundary Conditions on tbe Surfaces of Coolant Jacket 
Defining boundary conditions involves identifying the location of the boundaries (e.g. 
inlet, outlet, wall, symmetry etc.) and supplying the information at the boundaries. The 
data required at a boundary depends upon the boundary condition type and the physical 
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models employed. Poorly defined boundary conditions can have an adverse affect on the 
accuracy of solution. 
In this analysis, mainly three boundary conditions need to be defined which are inlet, 
outlet and the walls. The velocity inlet boundary was defined as an inlet boundary 
condition. (hydraulic diameter and intensity as turbulent parameters were assumed 
t043 .764 mm and 4% respectively) Pressure outlet boundary condition was assumed for 
the outlet. The velocity and coolant temperature at the inlet were assumed to be 2.05 
mls and 110 QC respectively (Thomas, 2002) . The velocity and inlet temperature values 
used for the inlet boundary condition of CFD analyses were supplied by Ricardo in 
addition to the wall roughness value of 0.04 mm. The operating pressure was assumed 
to be 0 Pascal and the pressure at the outlet was assumed as 200000 Pa. In CFD 
calculations gauge pressure is used by Fluent. 
As the coolant bulk temperature is expected to increase around 5-6QC through the engine, 
CFD analyses were initiated by assuming uniform wall temperature through the coolant 
jacket because non-uniform temperature distribution on the fluid - structure interface was 
not available. Furthermore, the uniform wall temperature assumption helped to test that 
the CFD analysis ran correctly before building up the complexity. Initially, the case was 
run with the uniform temperature assumption. Then as a more realistic assumption, 
mentioned in the previous section, the model was divided into 5 sections, and different 
temperature values were assumed for wall surfaces of each part based on the data 
available in the literature and in Ricardo's report (Thomas, 2002). The divided sections 
of the wall can be seen in Fig.3.6. The studies reported in the literature show that heat 
flux and temperature distribution on combustion chamber surface are highly non uniform 
and uniform temperature assumption leads to inaccurate results . However, it can be 
considered as a reasonable assumption as a starting point for the analysis. Because, 
isothermal CFD calculation gives qualitative information about the general features of 
the flow pattern and insight view of the conditions of the heat transfer between the 
structure and coolant fluid . 
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The contribution of the fluid -structure interaction within the cooling jacket of an engine 
needs to be taken into consideration during the CFO and FE analyses . Because, 
extensive numerical investigations carried out in the literature have shown a great 
influence of the local convective heat transfer coefficients and coolant temperatures on 
the wall temperatures. Essentially wall temperatures depend on the variation of 
molecular viscosity of the coolant in near wall regions. In the lower velocity regime « I 
mls) any change in the viscosity results in variation in the velocity which highly affects 
the turbulence level (Mahmoud et aI., 1999). The modified turbulence distribution 
influences the heat transfer and consequently the wall temperatures. Therefore an 
iterative procedure between CFO and FE in which the fluid-structure interaction is 
considered seems to be very essential to end up with accurate metal temperature 
distribution. 
In this work, the analysis will be performed by an iterative approach between CFO and 
FEA. Figure 3.4 illustrates this iterative procedure in the form of a flow chart. Initially, 
uniform wall temperature assumptions were made for the CFO analysis, then heat 
transfer coefficient values will be calculated using the CFO analysis, afterwards these 
values will be used as a coolant side boundary condition in FE analysis to predict the 
wall temperatures. Then the wall temperatures obtained from FE thermal analysis will be 
fed back into CFD software. This iterative process is repeated until the sufficient 
convergence for temperature is achieved. 
The influence of assuming uniform wall temperature on the surface heat flux 
distribution will be clarified by comparing the results obtained from the case studies 
presented in chapter 5 and chapter 6, which will be discussed at the end of chapter 6. 
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UPDATE WALL 
TEMPERATUREPROF~E 
CFD 
HEATFLUX 0 CONV. HEAT 
NO 
TRANSFER COEp<~ _ _ _ ----, 
,-- - -'-----, 
FEA Temperature Convergence? 
YES 
Figure 3.4. The Iterative Approach Used For the Calculation of Wall Temperatures 
In CFO problems, the accuracy to which a solution is resolved is directly related to the 
number of elements in regions of high solution gradient. In this problem, the regions of 
high solution gradient are near the surface of flow where the velocity gradients are 
relatively high. Typically finer mesh would be specified in anticipated critical areas by 
the analyst. However, very large numbers of elements are required to resolve the heated 
boundary condition which requires enormous computing power and this is not possible 
with the available current computer technology. An alternative way is to use wall 
function to model these critical regions which is computationally more efficient. Wall 
function represents an approximate velocity from which the heat transfer coefficient can 
be calculated. Wall function is based on local fluid properties and velocity distribution. In 
reality, the heat transfer process in the coolant jacket is essentially controlled by the very 
thin interface between the coolant and the heated wall rather than the bulk of fluid which 
is the same region modelled by wall function. Therefore, modelling of the heat transfer 
coefficient is completely dependent on the assumptions implicit in the wall function 
approximation. The wall function will be discussed in detail in section 6.2.6.7. 
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3.4.3. CFD Results 
The principal results obtained from CFO cases will be discussed in detail in Chapter 5. 
Obtaining converged solution does not mean that the results are accurate. It is the user 
fi nal responsibility to assess the accuracy of resul ts to check that whether the model has 
been built correctly and veri fy the model if possible with experimental studies. 
As indicated earlier, approximate numerical solutions are obtained from CFO 
simulations. The fundamental problem of CFO simulations lies in modelling the effects 
of turbulence. In addi tion to the physical difficult ies of modelling the effects of 
turbulence, there are many other sources of error in CFO simulations. They can be 
categorized mainly under fo ur groups. 
3.4.3.1. Discretisation or Numerical Errors 
Oiscretisation is probably the most crucial source of error fo r the accuracy of numerical 
fluid flow simulations and needs to be carefully analysed by the user of CFO codes. 
The grids must be fine enough to provide an adequate resolution of the important fl ow 
features, as well as geometric features . These errors ari se due to the difference between 
the exact solution of the modelled equations and a numerical solution with limited 
reso lution in time and space. 
3.4.3.2. Iterations or Convergence Errors 
These errors occur due to the difference between a fully converged so lution on a fmite 
number of grid points and a solution that is not fully converged. The equations solved 
by CFD methods are usually iterative, and starting from an initial approximation to the 
fl ow solution, iterate to a final results. 
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3.4.3.3.1. Geometrical Uncertainties 
Chapter 3 
In many industr ial and engineering problems, the geometry of the object to be simulated 
is extremely complex and requires much effort to specify it exactly fo r a computer 
simulation. 
3.4.3.3.2. Boundary Uncertainties 
A sensitivity analysis in which the boundary conditions are systematically changed 
within certain limits must be carried out to see the variation in results. If any of these 
variations turn out to have an effect on the simulated results and lead to large changes in 
the simulation, then it is clearly necessary to obtain more accurate data on the boundary 
conditions that are specified. 
3.4.3.3.3. Initial Condition and In itial Guess 
The iterative solution methods calculate the flow from an initial estimate of fl ow fi e ld . 
The initial guess can infl uence the convergence, and in some special cases, on the 
converged so lution. 
3.4.3. 3.4. Physical Properties 
Correct physical properties must be specified (e .g. water, air, ideal gas) . 
3.4.3.4. Round off Errors 
Round-off errors are due to the fact that the difference between two values of a 
parameter is below the machine accuracy of the computer. This is caused by the limited 
number of computer digits available for storage of a given physical value. 
3.5. Concluding Remarks 
The CFD analysis of coolant fl ow is conducted with the aim of understanding the risks 
of running the engine at higher temperatures by identify ing the hot spot locations and 
most importantly to provide the coolant side thermal boundary conditions for FE 
analysis of the cylinder head and block. This chapter covered the preprocess ing steps 
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that need to be followed to build the model for CFD analysis of coolant flow inside the 
cooling jacket. The results will be presented in chapters 5 and 6. 
Figure 3.5. The Solid Model of Cylinder Head Coolant Jacket 
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Figure 3.6. Contours of the Wall Static Temperature (K) 
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CHAPTER 4 
FINITE ELEMENT ANALYSIS OF THE DIESEL ENGINE 
4.1. Objectives 
The primary objective of conducting FE analysis of the engine is to predict the 
temperature and stress distribution throughout the cylinder head, block and bedplate at 
the power operating condition for 135 kW rating. Initially thermal analysis has been 
conducted with the aim of predicting temperature distribution within the structure. 
Then, predicted temperature distribution obtained from the thermal analysis can be used 
as a temperature boundary condition in the structural analysis of the engine as a future 
work. 
4.2. Accomplishments 
The FE analysis (thermal analysis) of a Tier2 diesel engine which is known as a 
"Scout" has been performed. This is a 4 cylinder in-line engine of 4.4 litre capacity and 
peak power rating of 135kW with a 170 bar operating pressure, and 1\o°C coolant 
temperature and 2 bar cooling system pressure. All other specifications of the Scout 
Engine were given in section 3.3 . Figure 4.1 shows the Scout engine and typical 
applications of the engine, where it is widely used in JCB off road vehicles. 
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. Figure 4.1. The Scout Engine 
This chapter covers the pre-processing phase of the model developed for FE thermal 
analysis. Processing and post processing phases will be discussed in the following 
chapter. Pre-processing section details the meshing of the engine model (the block, 
head, gasket, bedplate, valve seats, bearing shell) and the way followed for specification 
of boundary conditions to perform the thermal analysis of structure. 
4.2.1. Thermal Analysis ofthe Engine Structure 
The aim of conducting a thermal analysis is to calculate the steady state temperature 
field representing the quasi static temperature distribution in the engine under rated 
power (peak power) condition of the engine. The rated power condition is analysed 
since the studies reported in the literature have shown that it applies the most severe 
steady state thermal loading upon the engine and, hence is likely to create the greatest 
distortion. Therefore analyses were performed under the conditions of most severe 
thermal loadings. 
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Thermal analysis of the engine structure has been performed with the full assembly of 
block, gasket, head, valve seats and bedplate. This is because all of these components 
would be needed for a future structura l analysis, so the temperature distributions on 
every component are required. This temperature distribution could then be used for 
defining the thermal load in a complete structural analysis. Since the injectors, injector 
sleeves and all bolts were shown to have little effect on heat transfer analyses in 
Ricardo's report, they were not modelled for the problem of thermal analyses with the 
aim of simplification. 
Initially, thermal analyses of the cylinder block and head were carried out separately in 
order to simplify the model due to computer resource constraints. 
The element types and sizes used to build each component of the structure vary 
depending on whether the thermal analysis is performed for the cylinder head or block. 
For example, performing the thermal analysis of cylinder block without including the 
stiffness (in thermal analyses it refers to conductance) representation of adjoining 
components such as head, bedplate, gasket and valve seats is not appropriate. For this 
reason, for the thermal analysis of cylinder block, an entire or a part of block is 
modelled as a stress quality (i.e. fine mesh with an element size of 3.5 mm), and then 
stiffness representations (i .e. coarse mesh with an element size of7-8 mm) are used for 
the adjoining components (head, bedplate etc). The reverse is also true for cylinder head 
analysis. For the thermal analys is of cylinder head, a part or all of the head is modelled 
with a fine mesh and stiffness representations are used for the block and other 
components of the engine structure. 
The analysis has begun with a smaller model assembly (2 half bays which is fo llowed 
by a bay and 2 half bays of the engine) with the purpose of getting the thermal analysis 
run correctly, before building up the complexity of entire model. 3-D CAD models of 
two half bays of engine block, head and bed plate are shown in Fig.4.IO. 3-D CAD 
models of a bay and two half bays of engine block, head and bedplate can be seen in 
Fig.4.11 - FigA.1 3. This helps to simplify the problem, minimise the run time, make 
fixing the problems easier and acts as a check to ensure that the analysis is working 
correctly. 
78 
----------------------------------------------
Chapter 4 
The software used for FE analyses are; Hypermesh® 7.0, MSC.Patran® 2005r2 and 
MSC.Nastran® 2005. Hypermesh was used for cleaning-up and meshing the 3D model 
of the engine structure. Patran was used for the purposes of preprocessing, which 
includes defining materia l properties, element properties and load boundary conditions 
(LBCs), and post processing from which the results are presented in graphical form. 
Nastran was used as a solver. The great advantage that Nastran provides is that the 
results obtained from the thermal analysis, which are the temperature distribution 
throughout the structure, can directly be used for thermal stress analysis of the structure. 
Initially, the meshing procedure is explained in detail, which will be followed by the 
strategy of transferring data from CFD analysis to FE analysis. Afterwards, the 
approach followed for thermal analysis of cylinder block and head will be explained in 
detail. 
4.2.1.1. Cleaning up and Meshing the Model 
For complex geometries such as the engine structure, it is not easy to generate 
hexahedral elements, which performs better than other types of elements. Hence first 
order (linear) tetrahedral elements, which are more suitable and widely used to mesh 
complex geometries, were used to mesh the complex components of the engine 
structure. It is known that gradient across the linear elements are constant, so linear 
elements are not capable of capturing the variation of field variables (gradient) across 
the domain adequately such as heat flux. However the aim of these FE thermal analyses 
is to obtain temperature distribution throughout the engine structure which wi ll be 
required for the future structural analysis. As it was shown in many FE books and 
studies conducted in the literature, even with first order elements, adequately accurate 
temperature distribution could be obtained from FE thermal analyses. The important 
point is, the first order elements should not be used for the future structural analyses, 
since the gradient across the linear elements is constant. Therefore higher order 
elements are needed to mesh the solid model for future structural analyses to obtain the 
results at a desired degree of accuracy. In conclusion, the type and order of the elements 
used in the analyses are dependent on the type of the analysis and the required results 
and accuracy from the analyses. 
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3-D CAD (Computer Aided Design) model of the engine block, cylinder head, 
bedplate, valve seats, bolts, injector and injector sleeve, were provided by lCB. These 
models were built in Unigraphics environment by Ricardo. FigAA shows the assembled 
3-D model of engine structure. The 3-0 models of the engine components (block, head, 
bed plate, gasket, valve seats, bearing shells and injector sleeves) are shown in Fig.4.5 -
FigA.9. These models have been used for the FE analysis after being exported from 
Unigraphics. Since the tolerance values used in the modelling software differ from the 
tolerance values in FE software, when the model is imported into FE software, the 
model turned into very cluttered shape with many collapsed faces, sliver faces, 
overlapping faces and many unnecessary details. Therefore, initially the model needed 
an enormous cleaning up process before commencing the mesh ing process. As 
mentioned in Chapter 3, most of the time spent for meshing the solid model is spent on 
geometry clean-up and creating high quality 20 surface mesh. Hypermesh was utilized 
for meshing the engine structure. The approach used for meshing the model in 
Hypermesh was as follows; 
After importing the CAD model into Hypermesh, initially the geometric model was 
cleaned up using geometry clean up tools available in Hypermesh. Cleaning up was 
started by equivalencing any free edges in the model into shared edges to ensure that the 
surfaces are attached to one another. Then some of the shared surface edges were 
suppressed to eliminate slender surfaces, problematic shapes and small surface edges. 
Small edges, which may produce highly distorted elements in the mesh generation step, 
were suppressed as well. 
The next step after cleaning up the model was to mesh the model. Even though, 
Hypermesh enables the analyst to mesh the solid model with 30 solid elements directly, 
this way is not preferred due to the possibility of ending up with poor solid mesh 
quality. Therefore, all surfaces were meshed with triangular elements (TRlA 3) initially, 
and then the model was meshed with solid elements using these surface elements 
instead of the geometry. The main reason for using triangular elements rather than 
tetrahedral elements is that the user has more control on the quality of the tetra elements 
whose quality is directly dependent on the surface elements quality. Once the surface 
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meshes were created, Hypermesh has many tools for checking and improving the 
surface mesh quality. After generating the triangular meshes, quality and continuity of 
the shell elements were checked and necessary modifications were made to triangular 
elements to make it more desirable for tetrameshing by using the editing tools. The 
following requirements for triangular elements should be satisfied before proceeding to 
the stage of tetra-meshing the model. 
I. There can be no duplicate elements in the mesh. 
2. There can be no free edges. 
3. There can be no T-connected edges. 
4. Elements should not fold over and overlap each other. 
5. Very low minimum tria angles must be avoided (minimum angle of 17.50 was 
achieved with the block model , also only very small percentage of total number of 
elements have a minimum angle less than 200 which can be regarded as very good.) 
6. High aspect ratio of the tria elements which is the ratio of longest edge of an 
element to the shortest edge of an element must be avoided ( maximum aspect ratio of 
3.3 was achieved which is very satisfactory) 
In view of these, necessary editing steps were performed manually to improve the 
quality of triangular elements. Also, to grow a tetra mesh, it is important to ensure that 
2D mesh encloses a volume. This was ensured by checking the free and T-connected 
edges of surface elements. If there are invalid free edges within the model, it means that 
there are duplicate nodes that need to be equivalenced. After correcting the problem 
areas using editing tools, first order tetrahedral elements (TETRA 4) were built using 
the triangular surface elements. One of the important points in building the tetra 
elements in Hypermesh is, to use either f10atable trias or fixed trias option available 
under tetra meshing menu in Hyperrnesh. Floatable trias option provides more 
flexibility, because it allows Hyperrnesh to create underlying tetras for which the outer 
faces do not line up with tria elements although the same nodes are used. Whereas with 
the fixed option, the faces of the underlying tetra elements are forced to match the tria 
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elements and therefore leaves less flexibility to create higher quality elements. Figure 
4.2 illustrates the floatable trias and Figure 4.3 shows the fixed trias. 
Floatable Trias: 
Adjacent tria faces on the tetrahedral mesh may have their diagonal reversed from the 
shell mesh to obtain better quality tetra elements. 
Shell Mesh Tetra Mesh Faces 
Figure 4.2. Tria Mesh Faces (Hypermesh User Guide) 
Fixed Trias: 
Adjacent tria faces on the tetrahedral mesh always match the shell mesh 
Shell Mesh Tetra Mesh Faces 
Figure 4.3. Tria Mesh Faces (Hypermesh User Guide) 
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After generating the tetrahedral meshes, the quality of the elements were checked 
similar to the way followed for the surface meshes. What is meant with quality is the 
distortion of elements from their ideal shapes. For different types of solid elements, the 
quality checks of importance are different. For tetra elements, the quality checks that 
matter most are usually tetra co llapse, volume skew and tetra aspect ratio. 
Then, necessary ed iting steps were undertaken to improve the quality of tetrahedral 
elements particularly for the ones which are in the regions where rapid changes of field 
variable (e.g. high heat flux gradients) are expected. However the user does not have as 
much control as he has on surface elements for improv ing the quality of tetra mesh. 
Therefore it is the best to carry out most of the editing steps for triangular elements and 
come up with high quality surface meshes before the generation of tetra elements. By 
this way higher quality solid meshes can be produced. After satisfactory mesh quality is 
achieved for 3D elements, the surface elements used for the generation of so lid 
elements were deleted because they are only needed for construction of solid elements. 
Before the model is exported from Hypermesh, there is one more step needs to be 
conducted to make the se lection of correct tetra elements faces required for the 
definition of thermal boundary conditions in Patran easier. Thi s is explained in the 
following section. 
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Figure 4.4. The Assembled Model o f the Engine Structure (Bob Womersley (lCB), Private Communication, 2004) 
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Figure 4.5. The Cylinder Head Model with Valve Seats (Bob Womersley (JCB), Private .. 
Communication., 2004) 
Figure 4.6.The Engine Block Model (Bob Womersley (JCB), Private Cam., 2004) 
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Figure 4.7 . The Bedplate, Bearing Shell and Bolts Model (Bob Womersley (JCB), 
Private Communication, 2004) 
Figure 4.8. The Head Gasket Model (Bob Womersley (JCB), Private Corn., 2004) 
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Figure 4.9 . The Valve Seats and Injector Sleeve (Bob Womersley (JCB), Private 
Communication, 2004) 
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Figure 4. 10.2 Half Bays ofl he Assembled Cylinder Block, Head and Bedplale 
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Coolant Inlet Side 
Figure 4. ) I . A bay and 2 Half Bays of the Cy linder Block (Cylinder) , Cylinder 2 and Cy linder 3) 
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Exhalls! - Exhalls! Valve Bridges 
Cool am Inle! Side 
Figure 4. 12, A bay and 2 Half Bays of !he Cy linder Head 
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Figure 4. 13. A bay and 2 Half Bays of the Assembled Cy linder Block , Head and Bedplate 
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4.2.1.2. Selection of the Correct Tetra Elements Faces for the Definition of 
Thermal Loadings 
This step was conducted with the purpose of making the selection of correct tetra 
elements faces easier for thermal boundary definition in Patran. The next step after the 
generation of high quality 3D solids in Hyperrnesh is to create tria elements on the free 
faces of tetra elements which facilitates the definition of thermal loading conditions on 
the boundary of coolant - structure interface, cylinder head valve bridges and the areas 
exposed to oil in Patran. These tria elements were created using the nodes associated 
with the free faces of tetra elements, in other words they share the same nodes with the 
free faces of tetrahedral elements. Then the tria elements were gathered under different 
groups for each boundary condition by using the utility provided by Hyperrnesh. Figure 
4.18 and FigA.19 show the tria elements created on the coolant interface of head and 
block structure respectively. These figures also show randomly zoomed sections of 
model to display the mesh more clearly. FigA.20 - FigA.21 show the tria elements 
created on the surfaces of inlet and exhaust ports of head, head - valve seat contact 
areas and oil drain cores and oil splash surfaces of head. The tria elements created on 
the surfaces of head which are exposed to the oil are shown in FigA.22. The surfaces of 
bedplate which are exposed to oil are shown in FigA.23 . This utility provided by 
Hypermesh enables the user to pick the desired elements by selecting one of surface 
element face as a reference and specifying a feature angle value. Then Hypermesh picks 
the other surface elements on the basis of the angle between the normal of the adjacent 
elements. In other words, comparison is made between the normal of the adjacent 
elements by the software and if that angle is less than the specified feature angle value 
then this element is automatically picked. Then, the tool extends the selection 
automatically based on the angle specified. However there is a risk of missing some tria 
elements particularly on the coolant interface due to the existence of highly curvature 
features in the model. Also, it is difficult to understand whether all required tria 
elements have been selected or not, because some of the missing elements are 
embedded in the model and it is almost impossible to detect them by visual inspection. 
The only way of ensuring detection is, to carry out a check using the tool provided for 
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2D elements in Hypermesh which enables the detection of free edges within each group 
of surface elements. The tria elements in each group are selected separately and 
Hypermesh finds the free edges contained in each group. Each group is expected to 
have free edges on the outer boundary of the group of elements. If no free edge is 
displayed in an unexpected region then it means that all required surface elements have 
been selected without missing any. Conversely, if there exists free edges in an 
unexpected region, then the missing elements need to be selected manually and added 
into the group. After ensuring that all required elements are selected and grouped 
correctly, the model can be exported from Hypermesh. The important point is that while 
exporting the model, the groups consisting of tria elements should be exported together 
with the tetrahedral elements. The file can be exported in the format of either a neutral 
file (Patran file) or bdf file (Nastran file) , which Patran is capable of reading. Those 
files contain the information of both the tetrahedral elements and surface triangular 
elements which were grouped for each boundary. Initially the neutral file was imported 
into Patran, however it turned out that the tria elements which were grouped separately 
for coolant, cylinder head valve bridges and oil side boundary conditions in Hypermesh 
were imported as only one group which is something not desirable. Therefore the file, 
in the format of bdf, was imported as a second trial and it was examined that tria 
elements were gathered under different groups in Patran as they were defined in 
Hypermesh. The only aim of importing those tria elements is to pick the correct tetra 
element faces required for the definition of thermal boundary conditions and they were 
not taken into account in the FE calculations. Initially for each group consisting of tria 
elements, the nodes associated with those elements were identified by using the utility 
available in Patran. This utility is able to find the nodes associated with the selected 
elements. (Those nodes were written in a text file which will be needed in the following 
steps.) Then those nodes were used to find the free faces of tetra elements associated 
with those specific nodes. This provides the user with the correct tetra element faces on 
which the coolant, gas side and oil side thermal boundary conditions are required to be 
defined in the following steps. Although this is not a straightforward task, there is no 
other way of selecting correct element faces than this. The next step is, to ensure that all 
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required tetrahedral element faces are selected. After ensuring that all required tetra 
element faces were selected, tria elements generated temporarily in Patran and the ones 
which were imported from Hypermesh into Patran were deleted from the model. 
The main reason for performing this procedure in Hypermesh rather than doing it 
directly in Patran is, because selecting the correct tetra element faces required for the 
specification of each thermal boundary condition is not straightforward in Patran due to 
the limited capability of the software. Although Patran has a special tool ("automatic 
picker"), which enables the user to pick the tetra elements faces in a similar way applied 
in Hypermesh (on the basis of the angle between the normal of the adjacent tetra 
elements faces) , often the program crashes when elements are in the highly curvature 
region like coolant interface and / or if the surface consists of very large number of 
elements faces like coolant interface and oil side boundary. Therefore using the tool in 
Hypermesh is more effective, eventhough it is not a straightforward way. However, this 
way was followed only for the selection of elements faces comprising the surfaces on 
which the coolant, cylinder head 's gas side and oil side boundary conditions are 
defined. The elements faces required for the definition of combustion gas side of 
cylinder, and exhaust and inlet port boundary conditions have been picked by using the 
automatic picker tool provided by Patran. 
The procedures explained in this section and in the previous section were followed for 
each individual component of the engine structure separately, e.g. engine head, block, 
bed plate, valve seats and head gasket. The detailed information about the number of 
elements, nodes and types of elements used for meshing of each component can be 
found in Table 4.1. The figures in Table 4.1 represent the number of elements and 
nodes when the engine components are meshed with fine mesh density. The FE model 
of engine block can be seen in FigA.14. FigA.lS shows the FE model of engine head. 
These figures also show randomly zoomed sections of model to display the mesh more 
clearly. As it can be seen from FigA.15 and Fig,4.16, finer mesh density was used for 
the valve bridges of cylinder 2 and cylinder 3 when compared with the mesh density of 
cylinder I and cylinder 4. 
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Table 4.1. Number of Elements and Nodes for each Component of the Engine 
Type of Element Number of Number of Nodes 
Elements 
Block TETRA4 3153500 729930 
Head TETRA4 1114522 262606 
Gasket PENTA6 19154 20820 
Inlet Valve Seats PENT A6 & HEXA8 8960 13440 
Exhaust Valve PENTA6 & HEXA8 13440 14720 
Bedplate TETRA4 186834 61931 
Bearings PENTA6 21532 23548 
TOTAL 4517942 1126995 
In this analysis, the boundary loads were directly defined on element faces rather than 
geometric surfaces. There are two ways to apply the loading conditions on the 
boundaries; either it can be applied to finite element faces as explained earlier or they 
can be applied on geometric surfaces which are associated with the elements nodes. 
However, applying loading on geometric surface is very challenging way for this case 
because some surfaces like coolant - structure interface and oil side consist of over a 
thousand faces which are embedded in the model and it is impossible to pick them 
manually without missing a surface. The alternative way, which is applying the thermal 
loading on element faces, as explained in detail above is also difficult because the 
interface comprises of thousands of element faces and it is not easy to select them. 
However the tools available in Patran and Hypermesh enable the analyst to pick these 
elements. 
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Figure 4.14. The FE (Finite Element) Model of the Engine Block (Tetra4 Elements) 
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y 
Figu re 4.15. The FE Mode l of the Engine Head (Tetra4 Elements) 
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Ilead - Gas~et Contact Interlace 
Tlt"ad Valve Bridges of Cy linder 3 and Cy linder 4 
L Head Valve Bridges of Cylinder I and Cylinder 2 L l lead Valve Bridges of Cylinder 2 and Cy linder 3 
Figure 4. 16. The Flame Face of the Head (Tetra4 Elements) 
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In let Va lve Seats Ilead - Gas ket Contact Face 
Figure 4 . I 7. The FE Mode l of the In let and Exhaust Valve Seats (Penta6 and Hexa8 Elements) 
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Figure 4. I 8. The Coo lanl. Interface of the Engine Head Structure 
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Figure 4. 19. The Coo lant Interface of the Engine Block Structure 
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Figure 4.20. Inl et and Exhaust Ports of Engine Head 
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Head - Gasket Contact Face 
\ 
Head - Exhaust Valve Seat Contact Areas 
Head - Inlet Valve Seat Contact Areas 
Figure 4.2 1. Head - Inlet Valve Seat and Head- Ex haust Va lve Seat Contact Areas 
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Oil Drain Cores and Oil Splash Surfaces 
~ig"" 422. Oil D". Core, ,od Oil Spl~h S"",~, of fu, Eog., H"d 
Bedplate - Block Contact Interface 
Oil Splash Surfaces 
Bedplate Oil Drain Cores 
Figure 4.23 . Block Interface, Oil Drain Cores and Oil Splash Faces of the Engine 
Bedplate 
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4.2.1.3. Heat Flux Data Transfer from CFD to FE software 
In order to define the thermal boundary condition on the coolant side of cylinder block 
and the head, the results obtained from the CFD analysis needs to be imported into FE 
analysis. However, exchanging the data (heat flux or heat transfer coefficient) between 
CFD software (Fluent) and FE software (MSC Patran) is a challenging task. Although 
Fluent has a utility to export the data in a format that can be read into Patran, this is not 
a straightforward task. While exporting the CFD results from Fluent into Patran, three 
separate files need to be written out in order to read the CFD data into Patran. One of 
them is the mesh file containing the coolant jacket mesh model information, in other 
words the nodes and element connectivity information on the surface. The second is the 
result file which contains the heat flux or heat transfer coefficient values at each grid 
point on the coolant jacket's wall, in other words on the coolant - structure interface. 
The last one is the template file which enables the software to write the data in the 
format that Patran can read. After these three files were created by Fluent, initially the 
meshed model of the coolant jacket was imported into Patran (only surface elements). 
Then, the heat flux results were read into Patran using the Patran template created by 
Fluent. 
The important point here is, before importing the FE model of the engine components, 
the coolant jacket model (only surface elements) must be imported from Fluent into 
new database (db) file of Patran, together with the associated heat flux results on the 
coolant structure interface obtained from Fluent. The main reason for this is, the 
numbering of the imported model of coolant jacket's nodes and elements are extremely 
important to obtain correct contour plots of heat flux on coolant jacket' s surface in 
Patran. Because when Fluent writes out the mesh file and result file, the nodes and 
elements are numbered starting from I as 1,2,3, ... and the heat flux data contained in the 
result file was associated with each node point. A very small portion of the mesh and 
result files can be seen in appendix Fig. 4.A.1 and Fig. 4.A.2 respectively. 
While importing meshed model into Patran, the software enables the user to offset the 
ID numbers of nodes and elements which would be very useful in some cases . But in 
this case, the aim is not to offset the ID numbers of nodes and elements, but to keep 
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their numberings same as they were written out by Fluent. Therefore while importing 
the meshed model of jacket, zero was input as an offset value under the import options 
in Patran. After the fluid model was imported, Patran reported how many nodes and 
elements were imported, but the significant point is how they were numbered. Before 
importing the jacket model, a new group was created and all elements and nodes of the 
jacket were gathered under this particular group after importing the model. Numbering 
of nodes and elements should be checked before importing the results, to make sure that 
they are numbered correctly, otherwise when the result file is imported, the wrong heat 
flux values can be assigned to each node and element. In this way it can be guaranteed 
that results are imported into Patran correctly. After the result file is imported, the 
contour of heat flux on coolant jacket surface should be plotted. The contour should be 
checked to make sure that comparable heat fluxes with Fluent were achieved. However, 
this does not enable the analyst to directly apply this data on the interface between the 
coolant jacket and the structure for defining thermal boundary condition. To be able to 
use this data, a continuous spatial FEM field needs to be created using the data read into 
Patran. 
In Patran, fields functionality provides the user with means of interpolating, or applying 
the results of another analysis e.g. FE analysis or CFD analysis onto the same or 
different FE mesh model. A Continuous FEM field can be created from an imported 
finite element mesh and associated results or loads. A continuous FEM field is created 
from graphical display of values on a mesh contained in a group. By utilising the 
connectivity of the mesh, Continuous FEM field will automatically interpolate result 
values for any point within its defined space. This capability is useful for mapping one 
set of analysis results onto another finite element model. In this problem, Continuous 
FEM field defines the heat flux distribution which is the scalar quantity and its direction 
is input by the user. In order to do this, initially the fringe plot of the negative of the 
imported heat flux result should be created. Then using this plot, continuous scalar FEM 
field can be created which is used to define the boundary condition on the interface. 
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In this step, a ll tria elements and results that are associated with fluid side, in other 
words, the ones exported fro m Fluent were gathered under a particular group . These 
elements are used only to define thermal boundary condition on the flu id side of the 
metal and they will not be taken into account in FE calculations. Afterwards, the tetra 
elements for each component of engine structure wh ich were generated in Hypermesh 
were imported into Patran as a bdf fi le individually as explai ned earlier and th ey were 
gathered under different group names which would be used in FE calculations after 
completing pre-processing steps. However, attention must be paid to the offset values 
that need to be input for ID numbers of elements and nodes before importing the engine 
structure mesh model. Otherwise, node and element numbers of metal are mixed with 
the numbers of fluid side elements which leads to totally mixed model. The next step is 
to define the material properties. 
The other important point is non-con forma l mesh was used on the coolant - structure 
interface, in other words, the mesh used on the coolant side do not match the mesh on 
the structure side. Because fi ne mesh was used for discretisation of the fluid domain, 
whereas the structure side was meshed with much coarser mesh. The main reason for 
using fi ne mesh for the fluid domain is, to resolve fie ld variables more efficiently and 
the results ofCFD are more sensitive to the quali ty of the elements within the domain. 
The other reason is, the volume of solid structure is larger than the volume of the fluid 
domain, therefore larger element sizes were used for meshing the structure to obtain a 
reasonable number of elements that the computer could handle. Otherwise, mesh would 
contain very large number of elements which makes performing the analysis impossible 
due to the computer power constraints. 
4.2.1.4. Material Properties 
The cylinder block is cast in 220 grade cast iron . The cylinder head is also cast iron, 
260 grade, and it is of 4 valve per cylinder design with single inlet and exhaust tracts 
each feeding two valves. The bedplate is cast in the same material as the cylinder head. 
The head is secured to the cylinder block by eighteen M 12 bolts. The head gasket is a 
multi- layer steel design with mechanical stopper. The bedplate is joined to the cylinder 
block using M18 bolts. 
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Since the analysis is steady state, only thermal conductivity of materials was used for 
thermal analysis. The properties of material s were assumed not to vary with temperature 
and a constant value for thermal conductivity was used which is reasonably 
representative of the temperature range within the body. 
One of the common mistakes made in specifying material properties 1S usmg the 
incorrect units. In Patran like most other FE programs, there is no unit and the only 
requirement is, all the units must be consistent with each other. The units of thermal 
conductivity are heat I time I length I temperature, and thus the units of thermal 
conductivity fix the units for length, heat flux, heat generation, film coefficient and 
temperature. In this project for some cases, mm was used for length, W/mmK for 
conductivity, W/mm2K for convection coefficient, W/mm2 for heat flux and Kelvin for 
the temperature and for some other cases m was used for length, W/mK for 
conductiv ity, W/m2K for convection coefficient, W/m2 for heat flux and Kelvin for the 
temperature. The thermal conductivity used for the thermal analysis of the cylinder 
block, cylinder head, bedplate, head gasket, head/cap bolts and bearing shells are shown 
in Table 4.2 . 
Table 4.2. Thermal Properties of Materials 
Model Component Material Thermal Conductivity [W/mK) 
Cylinder Block 220 grade cast iron 50 
Cylinder Head 260 grey cast iron 50 
Head Gasket MLS(multi-layer steel) 2 
Head Bolts Steel 50 
Inlet Valve Seats Steel 30 
Exhaust Valve Seats Steel 30 
Injector Sleeves Copper 50 
These values were supplied by Ricardo. The next step is to specify element properties. 
107 
Chapter 4 
4.2.1.5. Element Properties 
Using the element properties menu in Patran, the materials specified in the previous 
step was assigned to tetrahedral elements of each component of the engine structure. 
The element type was selected as a solid. The final step before submitting the job is to 
define the thermal boundary conditions. 
4.2.1.6. Thermal Boundary Conditions 
Boundary conditions specify the thermal variables on the boundaries of the physical 
model such as temperature, heat transfer coefficient etc. In this analysis, heat flux or 
heat transfer coefficients from coolant, gas and oil side were applied as a boundary load 
to finite element model. 
Normally, there are two ways to apply the boundary condition on finite elements. It can 
be applied either on nodes or element faces. Since the heat flux and convection loading 
were used for a boundary condition for both coolant and gas side, it makes more sense 
to apply it on element faces. Two options exist for applying the heat flux boundary 
conditions on element faces, one of which is ' element uniform ' and the other is 
' element variable' . In the element uniform tool, the boundary condition is associated 
with the element itself and is assumed to be uniform over the element face. However, in 
element variable tool, the boundary condition is associated with element itself, but it 
varies over the element face. Therefore, the nodes that are common to adjacent 
elements may be multi-valued in boundary conditions. Using element variable option is 
more appropriate for defining the boundary conditions, because heat flux varies 
spatially. 
The engine is exposed to mainly four thermal boundary conditions; from the coolant 
side, the combustion gas side, the oil side and the ambient side. On the cylinder head, 
thermal boundary loads were applied onto the coolant jacket interface, the flame face of 
the cylinder head (valve bridges), the inlet and exhaust ports, the areas exposed to the 
oil and the valve seat contact area. The coolant interface of the head is presented in 
Fig.4.IS. The thermal loads applied to valve bridges of engine head, surfaces of exhaust 
and inlet ports are given in Fig.4.2S, Fig.4.29 and Fig.4.30 respectively. Fig.4.36 shows 
the thermal load applied on the areas of engine head which are exposed to oil. Fig.4.31 
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shows the contact areas of head - valve seats. On the cylinder block, thermal loads were 
applied on coolant jacket interface, coolant jacket entrance surfaces, the cylinder bore 
surfaces and the areas exposed to the oil. The coolant interface of block is presented in 
FigA.19. The thermal loads applied on the cylinder bore surfaces can be seen in 
FigA.25 and FigA.26. FigA.33 and FigA.34 show the thermal loads applied on the 
surfaces of coolant jacket entrance and oil splash surfaces of engine block respectively. 
Any areas exposed to oil were given a constant heat transfer coefficient and oil 
temperature which is the top of cylinder head, the bulk head area of the cylinder block, 
oil drain cores within the block and head. On valve seats, thermal loads were applied to 
the regions which are exposed to combustion gas, inlet or exhaust gas and valve seat 
contact area separately. On the bedplate, the thermal loads were applied on the surfaces 
which are exposed to oil. Apart from this, no heat transfer coefficient was applied to 
areas of the block, head or anything else exposed to ambient conditions and it is 
assumed adiabatic. 
i) Gas Side Boundary Conditions 
Table 4.3 and Table 4A show gas side boundary conditions originally supplied by 
Ricardo. As it is indicated in Ricardo's FE reports, the gas side boundary condition 
derived from the data tabulated in Table 4.7, together with engine configuration and 
combustion chamber using Ricardo's database of thermal measurements. This provided 
the magnitude and distribution of the in-cylinder gas' temperatures and heat transfer 
coefficients. These boundary condition values are cycle averaged values. For thermal 
analysis, the thermal load on the flame face of cylinder head and cylinder bore surface 
was applied as heat flux and convection boundary conditions respectively. 
Table 4.3 and Table 4A contain the thermal boundary data for the cylinder block and 
cylinder head analyses respectively. In table 4.3, the 2 columns that are the most 
important for the cylinder block are the Effective Gas Temperature and the Mean Heat 
Transfer Coefficient (HTC) columns. These describe the gas temperature and heat 
transfer coefficient to be applied over the stroked part of the bore only (not down the 
whole bore). The rows corresponding to 0-100% refer to the portion of the bore from 
the top deck of the block to the end of the stroke. Below this portion of the bore, the 
values in the 100% row are applied for the rest of the length of the bore. 
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Table 4.3. Cy linder Block Gas Side Boundary Condition (The Data provided by Ricardo) 
~" . -, .•.. iINmum.ocK. GAS SIDB BOUNDARY CONDI'J1ON!' ~:.:;-
Band Centre Band Cent]'e Heat Flux Effective Gas I D Predicted Mean HTC Free HTC Interbore HTC 
Temperature Gas-Face Metal 
(% stroke) (mm) (MW/m2) ( QC) ( QC ) ( W/m2K) ( W/m2K ) ( W/1112K) 
~. 0%. 0.0 0 .2732 1200.0 226.7 248.49 280 .73 2 16.26 
5% 6.6 0 .2476 1056.4 186.8 263 .45 284.73 242. 17 
10"10 13.2 0.2220 995 .2 169.6 136.82 268 .85 204.78 
15% 19.8 0.2009 946.8 165.8 227. 17 257.28 197.05 
20% 26.4 0.1799 904 .8 159.0 2 13.57 24 1.22 185.92 
25% 33.0 0 .1635 866.7 158. 1 204.13 230.78 177.48 
30"/. 39.6 0 .147 1 83 1.0 154.6 192.22 2 17.53 166 .92 
35% 46 .2 0 .1396 797.0 154.6 191.46 2 17.27 165.66 
40% 52.8 0 .1320 764. 1 152.2 189.62 2 15.72 163.5 1 
45% 59.4 0. 129 1 73 1.9 155.5 194.38 223.92 164 .84 
SO"/. 66.0 0.126 1 700 .0 154.5 198.49 23 1.1 9 165.79 
55% 72.6 0.126 1 668. 1 155.6 2 10.29 246.06 174.52 
60% 79.2 0.126 1 635.9 155.6 223.49 262.56 184.43 
65% 85.8 0.126 1 603.0 155. 1 237 .24 28 1.54 192 .94 
70".4 92.4 0 .126 1 569.0 155.8 256.47 305. 19 207.75 
75% 99.0 0.126 1 533 .3 155 .0 280.00 333.36 226.63 
80% 105.6 0.126 1 495 .2 155.7 3 11.9 1 37 1.54 252 .29 
85% 112.2 0.126 1 453.2 157.8 356.09 426.99 285. 18 
90".4 118.8 0 .126 1 404.8 157.8 423.38 5 10.58 336. 18 
95% 125.4 0 .126 1 343 .6 157.8 563.04 679.01 447 .08 
100".4 132.0 0 .1 261 165.0 157.8 1000.00 1000.00 1000.00 
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Table 4.4. Cylinder Head Gas Side Boundary Conditi on 
Band Centre Heat Flux HTC 
(% bore radius) (W/m2 ) ( W/m2K) 
0% 0.370 0.3699 
10% 0.378 0.3783 
20"A. 0.395 0.3951 Valve Bridge Enhancement 
30"A. 0.433 0.433 
40% 0.488 0.4876 
(% ) 
lnletl-E xhaustl 0% 
SO% 0.504 0.5044 
Inletl- Inlet2 0% 
60% 0.479 0.4792 
Inlet2-E xhaust2 0% 
70% 0.416 0.4162 
Exhaust I-Exh.2 30% 
lino", 0.370 O,/iClCl 
90% 0.336 0.3363 
100% 0.3 11 0.3111 
As a first approximation only the mean heat transfer coefficient va lues were used to 
linder. Mean heat 
ce of the bore and 
e gas side thermal 
ires specifying in-
define convection boundary condition on the bore surfaces of cy 
transfer coefficient is assumed to be constant around the circumferen 
to vary only in the axial direction. However in Patran, defining th 
loading as a convection boundary condition on the cylinder bore requ 
cylinder gas temperatures, which vary across the combustion cha mber as well. This 
requires the definition of special type of convection boundary conditi on which is called 
undary condition is 
e gas temperature. 
adial direction and 
were created at the 
coupled convection boundary condition. The coupled convection bo 
used when non-uniform temperature distribution is assumed for th 
The temperature of in cylinder gas was assumed to be uniform in r 
vary along the axial direction of cylinder. In view of thi s, 25 nodes 
centre of each cylinder along its axis and temperature values were 
node point representing the temperature variation of in cylinder gas al 
cylinder. The temperature values tabulated in the Table 4.3 were use 
of nodal temperature. 
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Also, in order to define the gas side boundary condition, initially the variation of heat 
transfer coefficient along the axis of cylinder needs to be defined. Field functionality in 
Patran, as already mentioned earlier, enables the user to define the loads and boundary 
conditions as a function of one, two or three variables. Fields can be entered with 
tabular inputs as well. Using this functionality, a spatial field was created in the form of 
tabular inputs for each cylinder. However, in order to define the heat transfer coefficient 
as a function of z (along the axis of cylinder), initially a new cylindrical coordinate 
needs to be created at the center top surface of each cylinder. The cylindrical coordinate 
systems can be seen in Fig.4.24. 
While creating the spatial field for each cylinder, the new cylindrical coordinate system 
was selected as a reference coordinate system, and all z coordinate values were input 
based on this new coordinate system. For each z coordinate value (along the axis of 
cylinder) a heat transfer coefficient value is specified. (Patran is capable of interpolating 
the values between those points.) Then, this spatial field is used when the value of heat 
transfer coefficient needs to be specified at the stage of convection boundary definition . 
The gas si.de convection boundary condition applied on cylinder bore surfaces using 
mean heat transfer coefficient can be seen in FigA.2S. 
Figure 4.24. Cylindrical Coordinate Systems Defined for the Engine Block 
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Figure 4.25 . Convection (mean HTC) Boundary Load Applied on the Cylinder Bore 
Surfaces (h: [W/mm' K]) 
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Figure 4.26.a. Convection (interbore and free HTC) Boundary Load Applied on the 
Bore Surfaces of Cylinders (h: [W/mm' K]) 
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Figure 4.26.c. Convection (free HrC) Boundary Load App lied on the Endbore Surfaces of Cylinder 4 and Cy linder I 
(h : [W/mm2K]) 
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As a second approximation, variable heat transfer coefficient around the bore 
circumference, which is more realistic assumption, was used to allow for the effect of 
greater heat rejection at the free sides of the bore (i.e. thrust-antithrust axis). There are 2 
further columns in the Table 4.3, free and interbore heat transfer coefficients. They refer 
to the values which are applied at the free and interbore sides of the cylinder bore. For 
the definition of this boundary condition heat transfer coefficient was needed to be 
defined as a function of two variables; along the axis of cylinder and around the 
circumferential direction of the cylinder bore. Also, the variation of heat transfer 
coefficient as a function of z (along the cylinder axis) and e (around circumferential 
direction) was defined by creating spatial field for each cylinder. Similar to the previous 
one, tabular input tool was used but this time heat transfer coefficient value was 
specified for each e and z values based on the cylindrical coordinate system for each 
cylinder created in the previous step. The tabular data input into Patran for the 
defmition of spatial field for each cylinder can be seen in Table 4.5 - Table 4.7. 
In this analysis, as already stated earlier, gas side thermal loadings were applied as a 
convection loading on element faces rather than the nodes. So, the convection boundary 
condition needs to be defined between the free faces of tetra elements on the cylinder 
bore surface and the nodes created along the axis of cylinder. The tabular spatia l field 
was defined in the previous steps and the next step is to pick the correct elements faces 
on the cylinder bore surface to define the convection boundary condition. Patran has a 
special tool (,automatic picker' ) which enables the analyst to pick the correct free faces 
of elements . The way this automatic picker tool picks the tetra element faces is very 
similar to the method explained in section 4.2.1.2 for the selection of surface e lements 
in Hypermesh. The difference in Patran is, the free face of a tetrahedral element on the 
cylinder bore surface is picked as a reference and a feature angle value is specified. 
Then the software picks the other tetra e lements faces on the basis of the angle between 
the normal of the adjacent elements. After ensuring that all the required tetra element 
faces are se lected, the temporarily generated tria elements were deleted from the model. 
Since different spatial fie ld was created for each cylinder, four convection boundary 
conditions were created in the model. Due to limited computer power, picking the 
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correct element faces and applying the tabular spatial field on the boundaries took about 
two days. 
After the boundary condition was defined, convection boundary loading contour was 
plotted on each boundary to see whether the thermal loading on the faces of selected 
elements have been defined correctly or not. The gas side convection boundary 
condition app lied on cylinder bore surfaces using variable heat transfer coefficient are 
presented in FigA.26.a - FigA.26.c. FigA.26 is given as a representative of other 
cylinders. 
As it is seen from Table 4.3 , the overall heat flux does decrease along the axial direction 
from top dead centre (TDC) to bottom dead centre (BDC) of the bore which is an 
expected trend. However, heat transfer coefficient distribution shows a different profile. 
Whilst the heat transfer coefficient decreases to the mid stroke then increases to the 
bottom of the stroke, the effective gas temperature reduces all the way down the stroke 
and so the net effect is that the overall heat input does decrease along the axial 
direction. These gas temperature values were obtained from experimental studies of 
Ricardo, which have been based on traversing thermocouple measurements of many 
running engines over the years. In fact, heat transfer coefficient values were derived 
from heat flux and in order to get the overall heat flux right, the heat transfer coefficient 
has been factored accordingly. This is the approach followed by Ricardo. They showed 
that this approach fits in with their FE methods and is based upon experience and 
empirical measurements over many years. 
Tab le 4A refers to the cylinder head flame face in other words valve bridges of the 
cylinder head (see FigA.16). The values of heat flux vary from the centre of the bore 
(0%) to the outside of the flame face (100% of bore radius). These values are 
effectively swept radially to give concentric rings of heat transfer coefficient. But, a 
30% enhancement to these values is applied at the exhaust-exhaust valve bridge which 
is exposed to high temperature gases and hence generally hotter. This assumption was 
made based on the experience of engine thermal surveys conducted by Ricardo. For the 
definition of cylinder head heat flux boundary condition, the variation of heat flux 
needed to be defined as a function of two variables, along the radial direction and 
116 
Chapter 4 
around the circumferential direction of the cylinder bore. A spatial field was created in 
the form of tabular inputs similar to the spatial field required for the definition of 
cylinder convection boundary condition for each cylinder' s valve bridges. This is 
shown in Table 4.8. For each r coordinate value (along the radial direction) and 0 
(around circumferential direction) a heat flux value was specified using the cylindrical 
coordinate systems as a reference. (Patran is capable of interpolating the values between 
those points.) The tabular data input into Patran for the definition of spatial field is 
shown in Table 4.4. The selection of correct tetra element faces on which the spatial 
field was applied was explained in section 4.2.1.2. 
The heat flux boundary condition applied on the flame face of the head can be seen in 
FigA.56. 30% enhancement to the tabulated values of heat flux has been applied at the 
exhaust - exhaust valve bridges which can be seen in the FigA.28. 
For the boundary condition of inlet port and exhaust port, constant heat transfer 
coefficient and gas temperature were used. Table 4.5 shows the data used for the inlet 
port and exhaust port. While defining the thermal loading conditions, the correct tetra 
elements faces were picked using the automatic picker tool available in Patran. The 
same procedure was followed with the selection of elements faces on the cylinder bore 
surfaces which was explained in the previous sections. The convection loads applied on 
the elements of ex.haust and inlet ports can be seen in FigA.29 and FigA.30 
respectively. 
Valve seats are another thermally critical areas which are exposed to three different 
thermal loads; i) thermal load (heat flux or convection) from in-cylinder gas ii) thermal 
load from exhaust gas (exhaust port side) or intake air (intake port side) iii) the heat 
transfer from valves during valve closure period. FigA.27 shows the section of the 
valve seat where three different thermal loads are applied; flame face region is exposed 
to combustion gas, upper region of valve seat is exposed to the gases inducted or 
exhausted through the inlet or ex.haust ports respectively and heat transfer which occurs 
during valve closure period at the valve contact area. The thermal loads applied by the 
in-cylinder gas (combustion gas) on the flame faces of valve seats were defmed using 
convection boundary condition. The values of heat transfer coefficient and gas 
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temperature applied can be found in Table 4.4, the same as those supplied for cylinder 
head flame face thermal loads. Also, convection boundary loading was defined on 
regions of valve seats exposed to the gases inducted or exhausted through ports. The 
uniform heat transfer coefficient and gas temperature were used as tabulated in Table 
4.5. The values applied to the valve seat contact areas for convection boundary 
definition can be found in Table 4.6. It should be noted that the valve seats are a big 
contributor to heat applied to the cylinder head from the valves, therefore heat transfer 
to valve seats should not be ignored in the analysis. Particularly, as it has been indicated 
in previous chapters, nearly 70-76% of heat loss of the exhaust valves rely on heat 
transfer to valve seat during valve closure time. 
Correct element faces of the valve seats which are required for the definition of thermal 
boundary condition, were selected using automatic picker tool available in Patran. The 
thermal load applied on the flame faces of valve seats can be seen in Fig.4.32. 
I 
Port gas (inlet or exhaust) 
Port gas (inlet or exhaust) 
Valve seat - valve contact area 
Flame Face 
Figure 4.27. Thermal Loads Applied to the Valve Seats (section of a va lve seat) 
Tab le 4.5. Inlet and Exhaust Port Gas Side Boundary Conditions 
INLET PORT WALL EXHAUST PORT WALL 
269.0306 440.8903 
Temperature [0C) 54 694 
(HTC : Heat Transfer Coefficient) 
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Table 4.6. Inlet Valve Seat & Exhaust Valve Seat Contact Area Boun dary Conditions 
INLET VALVE SEAT EXHAUS TVALVESEAT 
ONTACT CONTACT C 
Heat Flux [W/m2] 0.797xI06 0.1 5007xl06 
Table 4.7. Gas Side Boundary Condition Source Data for 135 k W rating 
Bore 103 mm 
Stroke 132mm 
Speed 2200 rpm 
Power 135 kW 
BSFC 228.3 glkWhr 
Exhaust back pressure 3.385 bar abs. 
Exhaust port temperature 694 QC 
Oil temperature 130 QC 
Inlet manifold temperature 54 QC 
Inlet manifold pressure 2.114 bar abs . 
Coolant temperature 110 QC 
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6.54-001 
631-001 
6.09-001 
5.86-001 
563-001 
540-001 
517-001 
4.94-001 
471-001 
448-001 
425-001 
y 4.03-001 ~ 380-001 
3.57-001 
334-001 
3 11-00 
Figure 4.28.a. Heat Flux Boundary Load App lied 0 11 the Flame Face of the Head (Va lve Bridges) (Q: [W/mm2]) 
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Figure 428,b. Heat Flux Boundary Load Applied on the Flame Face of the Head (Valve Bridges) (Q : lW/mm' )) 
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Fig ure 4.29. Convection Boundary Load Appl ied on the Exhaust Ports of lhe Head (h: [W/mm2K)) 
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Figure 4 .30. Conveclion BOllndary Load Applied on the Inlet Ports of the Head (h : [W/mm2K]) 
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Figure 4.3l.a Contact Areas of the Head - Exhaust Valve Seats 
Figure 4.3I .b. Contact Areas of the Head -Inlet Valve Seats 
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334-001 
311-001 
Figure 4.32. Heat Flux Boundary Load Applied on tile Flame Face ofYalve Seats (Q: lW/mnl]) 
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ii) Coolant Side Boundary Conditions 
Coolant side boundary conditions were directly interpolated from CFD analyses. There 
are two ways to apply the loading conditions on the boundaries; either it can be applied 
to finite element surfaces as explained earlier in section 4.2. 1.2 or they can be applied 
on geometric surfaces which are associated with the element nodes. [n this analysis, the 
boundary loads were directly defined on element faces rather than geometric surfaces. 
Applying loading on geometric surface is a very challenging way because some 
surfaces such as coolant - structure interface and oil side consist of over thousands of 
faces which are embedded in the model and it is impossible to pick them manually 
without missing surfaces. The alternative way is to apply the thermal loading on 
element faces as explained in detail above. This is also difficult because the interface 
comprises of thousands of element faces and it is not a trivial task to select them. 
However the tools available in Patran and Hypermesh enable the analyst to pick the 
correct element faces . The way followed for the selection of the correct tetra elements 
faces on the coolant - structure interface was explained in detail in section 4.2.1 .2. In 
order to define the thermal boundary condition on the coolant side of engine block and 
head, the results obtained from CFD analysis needs to be imported into FE analysis 
which was explained in section 4.2 .1.3, then using the continuous FEM field and 
selecting the correct element faces, the coolant side boundary condition was defined . 
More detailed information about coolant side boundary condition will be given in 
chapter 5. 
After the boundary condition is defined, heat flux contour is plotted to see the heat flux 
distribution on the faces of elements selected on the coolant interface. This will be 
discussed in detail in chapter 5 (for example see Fig.5 .42). 
Apart from the coolant jacket surfaces, for the regions which are exposed to coolant, a 
constant transfer coefficient and a constant coolant temperature assumption were made, 
since the coolant velocity in the region is almost constant. Also, for the selection of 
correct tetra elements faces , "automatic picker tool" avai lable in Patran was used. The 
method of selection of element faces is the same as the one explained in section 4.2.1.6 
for the selection of element faces on which the in-cylinder gas loading was defined. The 
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contour plots of the coolant convection boundary condition with uniform heat transfer 
coefficient can be seen in FigA.33. 
Table 4.8. Coolant Side Thermal Loads 
Coolant Temperature (OC ) 110 
Coolant Heat Transfer Coefficient ( W/m' K ) 2000 
iii) Oil Side Boundary Condition 
Any areas exposed to oil were given a constant heat transfer coefficient (HTC) and a 
constant oil temperature. Oil heat transfer coefficient was applied on the oil drain cores 
of cylinder block and the head, the top of cylinder \lead, and the oil splash surfaces of 
block and bedplate around the crankcase area. What is meant by the crankcase area of 
the block and bedplate is the areas in which the crank rotates around the main bearings 
and below the cylinder bore . In other words, areas of the block that there will be oi l 
splashing. Similarly for the head, what is meant by the top of the head is the space 
occupied by oil drain galleries in the head. The selection of correct tetra elements faces 
required for the definition of oil convection loading was explained in section 4.2.1.2. 
The convection boundary condition applied on the areas exposed to oil can be seen in 
FigA.34 - Fig.4.36. 
Table 4.9.0il Side Thermal Loads 
Oil Temperature e C ) 130 
Oil Heat Transfer Coefficient ( W Im' K) 1000 
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2 00-00 
Figure 4.33. Convection Load Applied on the Coolant Jacket Entrance of Block 
(h: [W/mm2K)) 
1 00-00 
1 00-00 
Figure 4.34. Convection Load Applied on the Crankcase Area (Oil Splash Surfaces) of 
Engine Block (h: [W/mm2K)) 
128 
Chapler 4 
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Figure 4.35 . Convection Load Applied on the Oil Drain Cores of the Engine Block Ch: 
[W/mm2KJ) 
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Figure 4.36. Convection Load Applied on the Areas of the Engine Head Exposed to Oil 
Ch: [W/mm2KJ) 
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iv) Ambient Side Boundary Condition 
The areas exposed to ambient conditions are assumed as adiabatic. Because the amount 
of heat loss from the surfaces which are exposed to ambient were assumed to be very 
small, so they were neglected. 
No heat transfer coefficient is applied to the gasket - head interface, head-valve seats 
interface or to the block-bedplate interface, or any other areas in the model where metal 
joins with metal. Perfect thermal contact between all joined metal surfaces can be 
assumed, so that heat can flow from the head to the block or vice versa. This heat flow 
is limited by having a low conductivity gasket in the thermal analysis. In the analysis, a 
low thermal conductivity value (2 W/m2K) for multi-layered steel gaskets was used. 
The thinking here is that painted layers of steel will not transfer heat as well as one 
thick sheet of steel, and so there will be a degree of thermal insulation between the 
cylinder block and the head. 
4.2.2. FE Modelling and Joining of Components 
Using the 3D finite element models of cylinder block, head, bedplate and other 
adjoining components, thermal finite element analyses simulating the temperatures 
under the power rating of 135kW have been completed. The temperature distribution 
obtained from this analysis can be used for the structural analysis in the future work. 
Thermal analysis of the engine structure must be performed with the full assembly of 
the block, gasket, head, valve seats, and bedplate. The thermal analysis has to include 
all of these components for two reasons; firstly to account for any heat flow between 
the components, and secondly to achieve a temperature distribution on all of the 
components to use as a thermal load in the structural analyses. Because the stress 
analysis of engine block cannot be conducted without including a representation of the 
head, bed plate and other adjoining components. The same is true for the thermal 
analysis of the head. 
130 
Chapter 4 
At the beginning, thermal analysis of the cylinder block and head was planned to be 
carried out separately due to the computer 's power restraints and this has been 
discussed in the previous sections. Depending on whether the thermal analysis is 
performed for the cylinder head or block, the element types and sizes used for all 
models vary. However, with the arrival of a highest specification computer avai lable, 
which has got dual core processor with 8GB memory, performing the analysis of head, 
block and bed plate together became possible. This will be discussed in more detail at 
the end of this chapter. 
Initially the way followed to build the FE model of two hal f bays and then a bay and 
two half bays of engine block, head and bed plate are discussed which will be followed 
by the construction of the FE model of the entire engine. The analysis was started with 
a smaller model assembly (two half bays, and then a bay and two half-bays, here the 
model developed for a bay and two half bays is discussed) with the purpose of getting 
the thermal analysis to work correctly, before building up the complexity. This helps to 
simplify the problem, minimise run time, fix the problems easily and acts as a check to 
ensure that the analysis is working correctly. Therefore, as a starting point, two half-
bays of the block, head and bedplate were chosen for the thermal analysis of cylinder 
block and head (see FigA.1 0). The thermal boundary conditions on each component of 
the model were defined in a similar way to the one followed for the entire engine mode l 
(see FigA.26 - Fig.4.36). Then, a bay and two half-bays of the block, head and bedplate 
were chosen for the thermal analysis of cylinder block and head (see FigA.II -
FigA.13). The important point for the analyses of quarter and half models are; both of 
these analyses assume an infinite line of repeating bay and two halves structures. This is 
achieved by tying the cut planes together thermally such that the temperatures on the 
cut planes are the same. In a thermal analysis, tying the cut planes means that the 
resultant temperature at one cut plane is mapped onto the other cut plane. Thi s in effect 
gives the analyst an infinite ly long cylinder head and block. Patran allows the analyst to 
map the behaviour of nodes on one cut plane onto the other using multi point constraint 
(MPC) equation e lements, so that they are forced to behave identically . However the 
main problem is the cut planes are not identical in geometrical terms so the meshes 
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produced on the planes differ from each other. Fig.4.37 and Fig.4.38 show the geometry 
of the cut planes and meshes produced on the cut planes. Patran does not have the 
utility which generates the MPCs automatically between the nodes of one cut plane 
(dependent nodes) and the other cut planes (independent nodes) when the mesh on the 
cut planes are not the same. So MPCs were generated by hand at which the coefficients 
of independent nodes were calculated using an external program written in Matlab. The 
values of the coefficients in MPC formulations depend on how many independent nodes 
are connected to each dependent node and the position of independent nodes with 
respect to dependent node (a brief explanation of MPCs can be found in Appendix 
section 4.A.2). Even though, this method is not efficient in terms of the time spent on 
calculation of the coefficients and creating MPC element cards, which were added into 
the FE output file manually, there is no other way of tying those cut planes to each 
other. 
., 1 . 
Figure 4.37. Cut Planes ofl\1e J uarter (2 Half Bays) Engine Head Model 
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Figure 4.38. Cut Planes of the Quarter (2 Half Bays) Engine Block Model 
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4.2.2.1. FE Modelling of Components for Thermal Analysis of Cylinder Head 
The thermal analysis of cylinder head includes a part of the head which is modelled as a 
stress quality (i.e. fme mesh with an element size of 3.5 mm), and stiffness 
representations (i.e. coarse mesh with an element size of 7·8 mm) of other adjoining 
components (block, gasket, valve seats). In other words, the head was meshed with fine 
tetrahedral mesh and the block was meshed with coarse tetra mesh . Where possible 
hexa or penta elements were used for simple components like valve seats, head gasket, 
bearing shells which will be explained in the following section. 
4.2.2.2. FE Modelling of Components for Thermal Analysis of Cylinder Block 
For the thermal analysis of the cylinder block, initially a part of the cylinder block was 
modelled as stress quality with fine tetrahedral mesh, and then for the adjoin ing 
components (head, gasket, bedplate, valve seats etc.) stiffness representations were 
employed by using coarse tetrahedral mesh or hexahedral or pentahedra 1 mesh. 
However, employing different element types and sizes for different components leads to 
non-congruent 3D meshes on the metal-metal join surfaces and these incongruent nodes 
are required to be lined up in order to avoid the fai lure during the analysis run. To line 
up the nodes, mUltipoint constraint element equations, in other words MPC type 
elements were used to join the models together. In this way non-matching mesh can be 
joined easily, e.g. the head model was joined to the gasket model and the gasket model 
was joined to the block model. MSC Patran allows the user to do this by creating MPC 
elements between the dependent nodes and independent nodes using the special utility 
available in Patran. Nodes on one mesh (dependant side) were tied to the other meshes' 
nodes (independent side) with MPC elements having the proper coefficients based on 
each dependant node's position relative to the independent node position. SpecifYing the 
nodes as "dependent" or "independent" is also critical for MPC creation in Patran. The 
nodes on the smallest area to connect were selected as dependent nodes. It must be 
ensured that the sum of the independent element faces should at least include the total 
area described by the dependant nodes. However, the tool in Patran did not work 
effectively to join the components of engine model, so the MPC elements were 
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generated manually in a similar way explained for tying the cut planes to each other. 
The coefficients of independent nodes were calculated using an external program 
written in Matlab. The values of the coefficients in MPC formulations depend on how 
many independent nodes are connected to each dependent node and the proximity of 
nodes to each other. However, this method is not efficient for joining the models with 
non-congruent meshes in terms of the time spent on calculation of the coefficients and 
creating MPC elements cards, which were added into the FE output file, manually. So 
an alternative method was found to jo in the components with non-congruent meshes on 
the interface. This will be discussed in the following sections. 
4.2.2.3. FE Modelling of the Adjoining Components 
The way FE model of head gasket, bearing shell and valve seats built for a block or 
head stress analysis is to sweep a single layer of elements from the metal-metal mating 
face thr6ugh a specified thickness and pentahedra I elements were created. For a block 
thermal analysis, the head gasket has been built up by sweeping a single layer of 
elements from the top face of the block through the thickness of gasket. For a head 
thermal analysis, the head gasket model was built up by sweeping a single layer of 
elements from the bottom face of head through the thickness of gasket, I mm. In order 
to be able to use the sweep technique, 20 elements needs to be created. These tria 
elements were created on the faces of tetra elements which forms the metal-metal 
contact faces e.g block-head gasket face, head-head gasket face, block bearing housing-
bearing shell face. These tria elements share the same nodes with tetra elements faces 
on which they are created. However the nodes of elements used for sweeping should be 
renumbered, in other words the block and the gasket elements should have different 
node and face numbers, such that it is completely unattached to the block. After the 
renumbered tria elements were created, sweeping direction and the number of layers in 
that direction were defined and the penta elements are created. Although the nodes on 
the mating face of swept model share the same coordinates with the nodes used for 
sweeping, now they are completely unattached from the swept faces. However for 
thermal analysis, the model created by sweeping (e.g. the gasket) must be joined to the 
model used for sweeping (the block). MPCs need to be defined to join these models as 
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mentioned earlier, otherwise the components will not be attached and hence no heat will 
be transferred between them. MPCs were used to join the FE model of head gasket, 
bearing shell and valve seats to the elements from which they are swept. Different from 
the non-congruent meshes explained in the previous section, the number and locations 
of nodes on one face is equal to the number and locations of the nodes on the other 
mating face . Therefore, one independent node is used for each dependent node and 
MPCs are created between the nodes sharing the same location. 
Different from the FE modelling of the head gasket, for FE modelling of the bearing 
shells, cylindrical coordinates were used and tria elements were swept in radial 
direction. .. 
4.2.2.4. Difficulties of Using Multiple Constraint (MPC) Equation Elements 
The method of using MPC elements to join components was not practical due to the 
effort required to calculate coefficients of MPC elements especially when the meshes 
are non-conformal on the interface. Also, using MPC elements to join the components 
may result in discontinuities of heat flux on the interfaces which can be considered as 
an indication of error. Therefore, this approach was abandoned due to the difficulty of 
establishing the coefficients of MPC elements and difficulty of editing the FE input 
(bdf) file, so, another approach was tried . However if a method which has not been tried 
before is used, then it is always best to try it out on a simple model and get the 
methodology working before trying it out on a complex model. Once the methodology 
is proven to be working, then the new approach could be tried on a complex model. In 
view of this, several test cases were run with the purpose of assessing effectiveness of 
this alternative approach. In this approach, coupled convection boundary condition was 
defined between the metal - metal contacting surfaces of engine components (e.g. see 
Fig.4.44) . Defining coupled convection boundary condition between solid components 
may not sound right but the thinking here is that, if the coupled convection boundary 
condition is defined using a high convection coefficient value, then this loading may act 
in a way very similar to conduction heat transfer. However, the attention must be paid 
to the value of very high convection coefficient, because high value of coefficient may 
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lead to numerical inaccuracies in the solution stage of FEA due to the ill conditioning 
effects which was explained at the beginning of this chapter. As a starting point, this 
approach was tried on a simple model to assess the accuracy of the assumption by 
comparing the results with the ideal case. Just consider a model consisting of two so lid 
components, which have different thermal conductivities. FigA.39 and FigAAO show 
the FE model of components built with different mesh densities. Two solid components 
were meshed with the same element sizes so the meshes match exactly on the interface. 
Two models were built; for the first mode l, coupled convection boundary condition 
with very high convection coefficient was defined on the so lid - solid interface to join 
these two components. The surface on which coupled convection boundary condition 
was defined can be seen in FigA.39 and FigAAO. For the second model, which is the 
ideal case, the nodes, which are coincident on the interface, were equivalenced so two 
components turned into one component. However, since there still exists well defined 
boundaries between the different material zones for the ideal case model, different 
material properties can be easily assigned to the elements contained in each half of the 
component. Then as a boundary condition different uniform temperature values were 
defined on the most right and left surfaces of both models . Several different cases were 
created by just changing the mesh density of the models and by increasing the value of 
the convection coefficient used for the definition of coupled convection boundary 
condition with the purpose of assessing the effects of mesh density and values of 
convection coefficient on the discontinuity of the results (see FigA.41 and Fig.4.42). 
After running those cases, temperature distribution and temperature gradient throughout 
the entire model were examined for each case. The temperature distributions of the 
structure are presented in Fig.4.43. The discontinuity of temperature results on the 
interface can be seen in Fig.4.41 - Fig.4.42. The results show that as the mesh density 
gets finer or as the convection coefficient values used for the definition of coupled 
convection rises, discontinuity of the temperature gradients gets smaller on the 
interface, and more and more comparable temperature distribution results were obtained 
between results of the idea l model and the model at which two components were joined 
using coupled convection (see Fig.4.41 - Fig.4.43). However, it must be remembered 
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that using a very high value of convection coefficients may lead to overall decrease in 
the accuracy of the results due to ill conditioning, therefore a reasonable value for 
convection coefficient should be used. In other cases, it was also shown that even with 
not a very high convection coefficient; good agreement was achieved between the 
results of the two models, provided that the mesh used in the model was sufficiently 
fine. But the important point here is that the temperature distribution throughout the 
model particularly the discontinuity of temperature occurring on the interface should be 
examined carefully. As a conclusion, it can be said that convincing results were 
obtained between the two models and this approach can be used with the purpose of 
joining the components of engine structure on which the meshes do not match. The only 
conditions are; the components of the engine should be modelled with reasonable fine 
mesh and a reasonable high convection coefficient should be used to define coupled 
convection boundary condition (The data used for plotting the figures in tabular format 
can be found in Appendix Table 4.A.5 and Table 4.A.6). 
Also, several other cases were tried with similar models to assess the effectiveness of 
MPC elements' conductivity for the joining of two components. The MPCs result in 
local hot spots when the mesh is not very fine . Although convincing results were 
obtained, due to the difficulty of calculating the coefficients of MPC elements and 
difficulty of editing the FE output file, this method was abandoned for the analysis of 
entire engine model. The coupled convection option gives a very uniform transition in 
temperature which has minimal discrepancies at the interface. The conclusion is that the 
coupled convection method is easier and performs better. 
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Figure 4.44. Head - Head Gasket Contact Area 
Table 4.10. Typical Join Sets Used in Thermal Analysis to Assemble the Model 
Thermal Analysis 
Component Face 
block gasket face gasket all dof 
head gasket face gasket all dof 
block thrust face bedplate a ll dof 
block radial face bearing shell all dof 
bedplate radial face bearing shell all dof 
head bolt (ignored) washer face head a ll dof 
head bolt (ignored) thread block a ll dof 
bolt washer face bedplate a ll dof 
bolt thread block all dof 
(dof: degree of freedom which is the scalar value temperature for thermal analyses.) 
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4.2.2.5. The Constraints Required For the Thermal Analysis 
A thermal analysis does not require any restraints, because only temperature 
calculations are being conducted. However a constraint is required at cut planes to map 
the temperatures from one cut plane onto another (two cut planes must behave 
identically). This allows the effect of adjacent cylinders to be accounted for during a 
bay and two half bays analysis. The joint sets required for the thermal analysis is given 
in Table 4.10. 
4.2.2.6. FE Modelling of Components for Thermal Analysis of Entire Engine 
Model 
As indicated earlier, perform ing the analysis of head, block and bedplate together 
became possible with the purchase of high spec. computer. With this aim, a sing le 
thermal analysis was conducted to obtain the temperature distribution of entire structure 
rather than conducting two analyses for head and block individually. All the steps 
explained in section 4.2.1 and section 4.2.2.3 for meshing the components, defining 
materials properties and thermal boundary conditions, and joining components were 
performed fo r the entire engine model. However for the FE models of block and head 
non uniform mesh density was used. Since thermally the most critical areas are 
expected to be head valve bridges, the head valve bridges of the cylinder 2 and cylinder 
3 were meshed with much finer mesh with the aim of capturing the variation in heat 
flux (or temperature gradient) more accurately (see Fig.4.16). The FE models of 
components for entire engine are shown in Fig.4.14 - Fig.4.17. The adjoining 
components; bedplate, valve seats and bearing shells were modelled by following the 
same steps explained in section 4.2.2.3. The number of elements, nodes and element 
types used for each component can be seen in Table 4.1. 
Also, the components were joined by defining coupled convection boundary conditions 
between the surfaces of those components rather than using MPC elements. Because, 
the difficulty of calculating the coefficients of MPCs manually were indicated earlier 
for half or quarter models. It would be much more difficult and time consuming for 
entire engine model. The thermal boundary conditions defined on the entire engine 
model can be seen in Fig.4.25 - FigA.36 are listed below; 
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;.. On the cylinder bore surfaces; coupled convection boundary condition was 
defined with the assumption of varying in cylinder gas temperature along the 
axis of cylinder and varying heat transfer coefficient around the bore 
circumference (see FigA.26). 
;.. On the flame face of the head (valve bridges of head), inlet valve seat and 
exhaust valve seat; heat flux (element variable) boundary condition was defined 
with the assumption of varying heat flux along the radial direction and around 
the circumference of the cylinder (see FigA.28 and FigA.32). 
;.. On the coolant interface of structure, either the convection or heat flux boundary 
condition was defined (see Fig.SAl as an example) . 
;.. For the surfaces which are exposed to coolant, except the coolant jacket 
surfaces, convection to ambient boundary condition with the assumption of 
constant transfer coefficient and constant coolant temperature was defined, since 
the coolant velocity in that region is almost constant (see FigA.33) . 
;.. For the areas within the block, bedplate and head, which are exposed to oil, 
convection to ambient boundary condition was defined (see FigA.34 -
FigA.36). 
;.. On the surfaces of exhaust port and inlet port, convection boundary condition 
was defined with the assumption of uniform convection and uniform gas 
temperature (see FigA.29 - FigA.30). 
;.. For the metal-metal contact faces, which are bedplatefblock, bearing shelllblock, 
bearing shell/bedplate, block/gasket, head/gasket, valve seatslhead, coupled 
convection boundary conditions were defined . In other words, the components 
of the engine have been joined to each other by defining coupled convection 
with using very high convection coefficient rather than using MPC elements 
(see FigA.44) . 
;.. On the surfaces where valves contact with valve seats, convection boundary 
condition was defined (see FigA.27). 
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The ways how these boundary conditions have been defined and the way how the 
correct element faces, which are required for the definition of boundary condition, have 
been selected were explained in detail in the previous sections. Following the definition 
of the boundary conditions, the model was double checked to make sure that noth ing 
was wrong with it and then the FE input deck file (Nastran bdf file) was written out. 
Due to the complexity and large size of the model, the size of the FE input deck file 
turned out to be about 500 MB. 
4.3. Concluding Remarks 
The FE analysis of the engine is required to predict the temperature and stress 
distribution (from future structural analys is) in the cylinder head, block and bedplate at 
the power operating condition for 135 kW ratings. In this chapter, preprocessing steps 
that need to be followed for the thermal analysis of the engine structure were explained. 
The results will be presented in the following chapters. Thermal analysis was conducted 
initially, because structural analysis (future) requires thermal loads to be defined at the 
boundaries. By conducting the thermal analysis first, the temperature distribution on the 
walls can be obtained and then used for defining the thermal load boundary conditions 
in the structural analysis of the engine. Ln the future structural analysis, stress 
distribution within the engine structure should be predicted under assembly, thermal 
and operating conditions. 
Thermal analysis of the engine structure was performed with the full assembly of hlock, 
gasket, head, valve seats and bedplate. This is because all of these components will be 
used in the structural analysis, so the temperature distributions on every component are 
required . 
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CHAPTERS 
THE INVESTIGATION OF DATA EXCHANGE 
METHODOLOGY BETWEEN CFD and FE SOFTWARE 
5.1. Introduction 
In the first part of this chapter, the computational fluid dynamics (CFD) case studies 
which were carried out with different boundary conditions are explained and the results 
obtained from those CFD cases are presented. The CFD analyses have been performed 
with the assumption of uniform coolant jacket wall temperature wh.ich does not 
accurately represent the real case. Therefore, the CFD results obtained from these 
analyses are approximations. However, the aim of the analyses performed is to obtain 
qualitative information about the general features of the flow pattern and the heat transfer 
between the structure and the coolant. Furthermore, the heat flux distribution on the 
surface of the coolant jacket obtained from these cases will be used as initial conditions 
for the definition of thermal boundary conditions on the coolant interface of the structure 
in FE analysis . In other words, the heat flux results obtained from the CFD analyses will 
be imported from Fluent into Patran to initiate the FE analyses. 
The second part of this chapter covers the finite element (FE) simulations at which the 
results obtained from Fluent are used to define the thermal loading on the coolant 
interface of the structure. The FE simulations for a number of case studies were 
conducted with different coo lant side thermal boundary conditions and different 
techniques used for the mapping of the results obtained from Fluent onto the coolant 
interface of the structure in Patran are presented in detail. A number of different models 
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were built for that purpose. For the simplification purposes, in some FE cases the size of 
the model was limited. Analyses were conducted using a quarter model; two half bays 
model (see FigA.I 0), and a half model containing two half bays and a bay of the cylinder 
(see FigA.II - FigA.13). In some cases the entire engine structure was modelled. 
5.2. The CFD Case Studies 
As indicated in Chapter 3, CFO analyses were commenced by assuming uniform wall 
temperature throughout the entire coolant jacket, principally for the reason that non-
uniform temperature distribution on the fluid - structure interfaces were not available. In 
the first CFO case study, a more realistic approach was used. Instead of assuming 
constant temperature throughout the entire jacket wall, the coolant jacket wall was 
divided into S sections and different temperature values were assumed for the wall 
surfaces of each part based on the data available in the literature and in Ricardo's report. 
The sections of the wall and the temperature values assumed for each section can be seen 
in Fig.S.2!. Since very high temperature exhaust gases are discarded through the exhaust 
port and manifold, the effect of location of exhaust manifold, which is in close proxim ity 
to the engine structure, was taken into consideration while assuming temperature values 
to each section of the engine. Then for the second case, several models with different 
coolant inlet temperature and different wall temperature assumptions were built to 
examine the influence of these parameters on heat transfer in the CFO analyses. 
In order to present the CFO results better, several planes were defined at different 
locations of the volume to show the flow field at these cross sections. By this way, the 
results could be interpreted better. The following planes, which are called as result 
planes, have been defined; 
• Plane b I, b2, b3, b4, bS, hI , h2, h3, h4 and hS which are al igned with outlet face and 
parallel to X-Y plane, were defined (see Fig.S.I). 
• Jet-plane 1, jet-plane 2, jet-plane3 and jet-plane 4 whose normal vector is 
ii = 0.39071 - 0.920S] , were defined and they are perpendicular to X-Y plane (see 
Fig.S.2). 
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• Endbore planes and interbore planes, which are perpendicular to outlet face and 
parallel to Y -2 plane, were defined to examine the results at the section between the 
cylinders better (see Fig.5.3). 
Figure 5.1 . XY Result Planes - lateral view of the assembled coolant jacket model 
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Figure 5.2. YZ Resu lt Planes - top view of the assembled coolant jacket model 
Figure 5.3. YZ Result Planes - top view of the block coolant jacket model 
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5.2.1. The First CFD Case Study 
The principal results obtained from the CFD case study are shown in the Figures from 
S.4 to S.28. The figures consist of the following types; 
• 3D plots showing pressure distribution (see Fig.5.4) 
• Planar plots of static pressure (see Fig.5.5 and Fig.5.6 ) 
• Planar plots of velocity field (see Fig.5.? and Fig.S.8) 
• 3D plots showing velocity (vector) field (see Fig.S.9 - Fig.5.14 ) 
• Planar plots of total heat flux (see Fig.S.1S - Fig.S.20 ) 
• 3D plots showing temperature distribution (see Fig.S.21 ) 
• Planar plots of temperature (see Fig.S.22 - Fig.S.24) 
• Contours of the Viscosity ( see Fig.S.2S and Fig.S.26 ) 
• Contours of the Thermal Conductivity ( see Fig.5.27 ) 
• Contours of the Density (see Fig.S.28) 
The plots especially the velocity field and heat flux (or heat transfer coefficient (HTC)) 
have been chosen to give an overall view of the cooling performance through the coo lant 
jacket. However, the CFD results obtained from these analyses only indicate the 
approximate results, because the analyses have been performed with uniform temperature 
assumption for each segment which is not the real case. But the aim of these analyses is 
to obtain qualitative information about the general features of the flow pattern and the 
heat transfer between the structure and coolant. 
Several planes were defined at different locations of the fluid domain to show the flow 
field at these cross sections. By this way, the results could be better interpreted (see 
Fig.S.1 - Fig.5.3). 
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5.2.1.1. The Pressure Contours 
3-D and planar graphs of absolute pressure distribution can be seen in Fig.5.4 and 
Fig.5.5- Fig.5 .6 respectively. Fig.5.5 shows the static pressure contours on inlet, b I, b3, 
b4, b5, hi , h3, h5 and outlet planes. These figures could be misleading, since the values 
in the figures represent the gauge pressure values, not the absolute. Since the pressure of 
the system was defined as 2 bar, and the pressure drop was calculated as about 0.5 bar, 
the pressure distribution within the cooling jacket domain should be between 2 bar (inlet) 
and 1.5 bar (outlet). The figures should be examined in th is way. It is seen that the 
pressure, which can be considered as the driving force of the flow, decreases in the z 
direction. This decline is an expected trend and it confirms that the negative pressure 
gradient exists in the positive z direction. This can be seen more clearly in Fig.5.6 
showing the pressure distribution on jet-planes, inlet and outlet. From former studies it is 
known that the head gasket and cylinder head make a significant contribution to overall 
pressure loss of the cooling system and the same trend is seen in Fig.5.6. The pressure 
drop through the system, which is very important for boiling issue and proper pump 
selection, is computed as 53 - 54 kPa approximately. This value is consistent with 
Ricardo's finding which is 52 kPa. 
The maximum pressure occurs, as expected at the region opposite to inlet face, because 
the flow entering the inlet rail directly impinges on the opposite surface and causes the 
pressure to build up. 
5.2.1.2. The Velocity Contours and Vectors 
Planar plots of velocity contours in the result planes can be seen in Fig.5.7. The 3-D 
velocity vectors in the result planes are presented in Fig.5.9 - Fig.5.14. Fig.5.9 also 
shows the velocity distribution at the entrance of the inlet rail volume and it can be seen 
more closely in Fig.5.IO. It is observed that the velocity of fluid circulating around the 
cylinders, especially at the regions where the flow enters each cylinder, decreases in the 
longitudinal direction (+z direction). This can be seen in Fig.5.7 showing the contours of 
velocity magnitude in the result planes. The velocity profile in the z direction can be seen 
more clearly in Fig.5.8 showing the contours of velocity magnitude in jet-planes. This is 
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evident from the velocity vectors in the result planes in Fig.5.9 - Fig.5.1l. The velocity 
vector plots reveal that for the cylinder block, velocity reaches higher values at the 
interbore section because of the smaller cross section (see Fig.5.14). But the highest 
values for the velocities are observed at the gasket hole locations due to sudden decrease 
in the cross sectional area where the coolant leaves the block and enters the head. This 
can be seen more clearly in Fig.5.11 and Fig.5.12 showing the velocity vectors in jet-
plane sections. In the cylinder head, the velocity reaches higher values at the valve bridge 
locations due to smaller cross sectional areas. The velocity vectors around the valve 
bridges of each cylinder can be seen in Fig.5.13.a and Fig.5.13.b. The area wetted by the 
coolant decreases linearly with the decrease in the diameter of the cross section but the 
velocity increase is proportional to square of decrease in diameter. 
The velocity vectors at the end bore and interbore sections can be seen in Fig.5.14. These 
plots indicate that the recirculated flow OCCurs at the exhaust side of the interbore planes 
and some locations in the head due to the positive pressure gradient. 
The accurate prediction of the velocity distribution in the coolant jacket is important, 
because it has a direct influence on heat transfer coefficient. At the regions where the 
velocity is higher, the heat transfer coefficient is also expected to be higher. 
5.2.1.3. The Heat Flux Contours 
The plots of total surface heat flux in different sections parallel to the outlet plane can be 
seen in Fig.5.15. CFO results reveal that the heat transfer coefficient value is very small 
for the bulk of the fluid compared with the very thin fluid layer adjacent to wall, because 
the heat transfer process is essentially controlled by very thin interface between the 
coolant and heated wall rather than the bulk of the fluid. Planar contours of surface heat 
flux on interbore section 1-2 can be seen in Fig.5.16. It is seen that higher heat flux levels 
occur around the gasket hole locations due to higher velocities around these regions. It is 
also seen that the highest heat flux levels are reached around the upper region of the 
interbore sections and around the valve bridges as expected. The contours of heat flux on 
interbore sections shows that for the cylinder blocks the most thermally critical areas are 
the bore surfaces where the piston ring momentarily comes to rest at the top dead centre. 
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This is due to the fact that, the top areas of the bore surface is exposed to combustion 
more than the lower regions due to piston movements and hence exposed to high 
temperature gases. The contour of the surface heat fl ux at the flame face which is 
exposed to the highest heat flux from the gas side, can be seen in Fig.S.19. The flame 
face section is defined as the plane 2 mm above the lowest sections of the coolant jacket 
in the flame face region. To have a better idea on the heat flux distribution around flame 
face, heat flux values at three sections, which are 1 mm apart from each other in the axial 
direction, have been examined individually. At each cross-section, the range of heat flux 
values at the valve bridges are shown in Fig.S.17 - Fig.S.19. The results show that heat 
flux decreases with the distance away from the flame face. For the cylinder heads, the 
valve bridges particularly exhaust-exhaust valve bridges where the heat flux levels 
increase up to 2.0x I 06 - 2.4x I 06 W/m2 have been identified as the most thermally critical 
areas (see Fig.S.20). The valve bridges are subjected to compress ive forces at high 
temperatures due to thermal expansion of the valve seats which is fo llowed by the tensile 
forces when the engine is switched off. 
Similar to velocity field, the highest heat transfer coefficients are achieved around the 
regions where the velocity values are higher. The results obtained from the CFO ana lysis 
are consistent with the results presented in Ricardo' s CFO report and with those reported 
in the literature. 
5.2.1.4. The Temperature Contours 
The 3-D plot of static temperature of the walls is depicted in Fig.S.2 1. The wall 
temperature assumption was made on the basis of considering the most severe operating 
condition. Normally engine runs with lower wall temperatures on the coolant side. This 
case is discussed in the next sections. Also, the contours of static temperature of the 
coolant at several sections parallel to outlet can be seen in Fig.S.22. As it is observed 
from these figures, temperature increases towards the outlet, since heat is transferred to 
the coolant. Fig.S.23 and Fig.S.24 show the contours of static temperature of the coolant 
on end bore, interbore planes and on jet planes respectively. 
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5.2.1.5. The Variation in Coolant Properties 
In this analysis, as it is indicated in previous sections, some fluid properties were defined 
as a function of temperature. In the literature it was shown that the fluid viscosity has 
strong temperature sensitivity whereas other properties such as thermal conductivity and 
density would be expected to show negligible response to temperature change. 
(Robinson, 2001) The Fig.5.25 and Fig.5.26 show the variation of fluid viscosity with 
temperature through the coolant jacket. This indicates that the sensitivity of viscosity to 
variations in temperature is consistent with the results presented in the literature. The 
sensitivity of coolant viscosity to temperature is important because reduction in viscosity 
caused by the increase in wall temperature results in increased turbulence, thinning of the 
hydrodynamic boundary layer, and increased heat transfer. Therefore, viscosity should 
not be assumed constant, because it can adversely affect the accuracy of results. On the 
other hand, using constant density and thermal conductivity is a reasonable assumption 
because they show negligible response to temperature variations. The contours of coolant 
thermal conductivity and density on jet-plane sections can be seen in Fig.5.27 and 
Fig.5.28. 
5.2.1.6. Gasket Hole Mass Flow Rates 
The locations of the cylinder head gasket holes have a great effect on the coolant flow 
distribution within the engine. The intent of gasket holes arrangement is to direct more 
coolant to critical areas in the head and to promote higher heat transfer rates around these 
critical regions. The Fig.5.29 shows the gasket holes configurations wh ich play a key role 
in the coolant flow distribution inside the coolant jacket of the head and the calculated 
percentage mass flow rates through the gasket holes. The higher mass flow rates through 
the holes of gasket are highlighted in the Fig.5.29. As it can be seen from Fig.5.29, most 
of the coolant flow from the block to head occurs through these six holes and the 
contribution ofrest of the holes to coolant flow is very little. 
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Figure 5.9. Velocity Vectors on plane bl·b5, hl·h5 [m/s] 
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Figure 5.11. Velocity Vectors on Jet-planes [mls] 
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Figure 5.15. Contours of Total Surfac. Heat Flux on Planes Parallel to the Outlet 
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Figure 5.2 1. Contours of Wall Static Temperature [K] 
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Figure 5.23. Contours of Coolant Static Temperatures on Interbore Planes [K] 
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Figure 5.25 . Contours ofYiscos ity on Jet-Planes [kg/ms] 
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Figure 5.26. Contours of Viscosity on [nterbore Sections [kg/ms] 
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Figure 5.27. Contours of Thermal Conductivity on Jet-Planes [ W/mK] 
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5.2.2. The Second CFD Case Study (CFD Analysis of Coolant Flow with 
Different Wall and Inlet Boundary Conditions) 
The second case study was conducted with the purpose of examining the effects of the 
wall temperature distribution and the coolant inlet temperature on the total heat transfer 
rate. The model was built with the assumption of different temperature values for each 
section of the jacket wall as well as different coolant inlet temperatures. 
The coolant jacket wall was divided into 5 sections simi lar to the previous case. In the 
first subcase, wall temperatures were kept constant, and the analyses were conducted 
with four different coolant inlet temperatures to examine the effects of coolant inlet 
temperature on the total heat transfer. The temperature values assumed for each section 
of the coolant jacket wall can be seen in Fig.S.30. In the second subcase, different 
temperature values were assumed for wall surfaces of each part based on the data 
available in the literature and in Ricardo's report (see Fig.5.3 1) and the coo lant inlet 
temperature was kept constant. The influence of the wall temperature variation on the 
heat transfer to the coolant has been observed. For each case, the temperature rise 
through the coolant jacket and the heat transfer from the walls of the upper block, lower 
block, upper head, lower head and inlet rail have been compared. Surface Integrals tool 
available in Fluent were used to compare the results. Surface Integrals panel in Fluent 
allows the analyst to compute area·weighted average of a specified field variable on 
selected surfaces. These surfaces are sets of data points created by Fluent for each of the 
zones in the model, for example inlet and outlet surfaces. The area weighted average of a 
quantity is calculated by dividing the summation of the product of the selected field 
variable and facet area by the total area of the surface. Hence the average value on a solid 
surface, such as the average heat flux on a heated wall with a specified temperature can 
be computed from: (Fluent User Guide) 
(5.1) 
" JdA = I \A;\ (5.2) 
;= 1 
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where the area of a surface is computed by summing the areas of the facets that define 
the surface. (Facets on a surface are either triangular or quadrilateral in shape.) 
For each case the outlet temperature and heat transfer from the walls of upper block, 
lower block, upper head, lower head and inlet rail have been computed and tabulated in 
Table 5.1 and Table 5.2 and shown in Fig.5.32 - Fig.5.36. 
Subcase 1; at which the analyses were conducted with different coolant inlet 
temperatures at 2 bar pressure. 
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Figure 5.30. Contours of Wall (Static) Temperature [K] 
The results shown in Table 5.1 and Fig.5.32 - Fig.5.36 show that, the lower the coolant 
inlet temperature is, the higher the total heat transfer to the coolant which is an expected 
trend. Since the wall temperatures were kept constant, as the coolant inlet temperature is 
lowered, the temperature difference between the metal and the coolant temperature 
increases which results in higher heat transfer from the walls of engine structure. So, the 
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temperature rise of the coolant through the jacket IS higher for lower coolant inlet 
temperatures. 
Subcase 2; at which the analyses were conducted with different wall temperatures 
which are presented in Fig.5.3 1. 
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Figure 5.31. Contours of Wall (Static) Temperature [K] 
The resul ts shown in Table 5.2 and Fig.5.32 - Fig.5 .36 show that the heat transfer to the 
coolant was observed to decrease with lower wall temperatures which is an expected 
trend. For example, the heat transfer from the lower head 's walls is 1.34 MW/m2 for the 
higher wall temperature assumption with coolant inlet temperature of 373 K, whereas it 
is 0.84 MW/m2 for the lower wall temperature with the same coolant inlet temperature. 
This is due to the fact that, as the wall temperatures are lowered, the temperature 
difference between the coolant and the metal decreases which leads to lower heat transfer 
from the walls. Also, the same trend for the case of lower wall temperature was observed 
with the higher wall temperature assumption at which the heat transfer to the coolant 
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increases with lower coolant in let temperatures which subsequently increases the coolant 
temperature rise through the coolant jacket. 
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Heat Flux vs. Coolant Inlet Temperature 
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Figure 5.36. Heat Transfer from the Walls of the Inlet Rai l vs. Coolant Inlet Temperature 
Table 5.l. Heat Transfer from Different Sections (with higher wall temperature) of the 
Engine Structure 
Coolant Inlet Coolant Inlet Coolant Inlet Coolant Inlet 
Temp.=373 K Temp.=383 K Temp.=388 K Temp.=393 K 
Heat transfer from the walls 182 143 145439 12 1536 97808 
of lower block [W/m2) 
Heat transfer from the walls 1339696 1239984 1186882 1129784 
of lower head [W 1m2) 
Heat transfer from the walls 373626 335494 308438 279428 
of upper block [W/m2) 
Heat transfer from the walls 426352 266135 190888 117916 
of upper head [W 1m2) 
Heat transfer from the walls 194062 132046 91954 51198 
of wall inlet [W/m2] 
Outlet Temperature [K] 400 405 406.5 408 
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Table 5.2. Heat Transfer from the Different Sections (with lower wall temperature) of 
the Engine Structure 
Coolant Inlet Coolant Inlet Coolant Inlet 
Temp. = 373 K Temp. = 383 K Temp. = 388 K 
Heat transfer from the walls 
of lower block [W/m2] 79554 36152 9251 
Heat transfer from the walls 
of lower head [W/m2] 840970 737451 688704 
Heat transfer from the walls 
of upper block [W/m2] 290703 250898 216580 
Heat transfer from the walls 
of upper head [W/m2] 227761 79412 13720 
Heal transfer from the walls 
of wall inlet [W/m2] 128709 63246 18584 
Outlet Temperature [K] 389.5 393 395 
S.2.3. Concluding Remarks 
CFD analysis of coolant flow through the coolant jacket of a diesel engine have been 
conducted with the aim of identifying thermally critical locations and boundary heat flux 
distribution. For the cylinder head, valve bridges have been identified as the most 
thermally critical locations. For the cylinder block very high heat fluxes were observed 
close to the upper region of the cylinder interbore surfaces where the piston ring 
momentarily comes to rest at the top dead center. This is due to the fact that, the top areas 
of the bore surface is exposed to combustion more than the lower regions due to piston 
movements and hence exposed to high temperature gases. Also, the coolant flow rate 
through the gasket holes, which play a key role in the coolant flow distribution inside 
coolant jacket of the cylinder head, were calculated. The results showed that the main 
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coolant flow entrance to the head is through the holes at the exhaust side of the engine, 
whereas the other holes make only a small contribution (see Fig.S.29). 
The CFD analyses were also performed with different boundary conditions such as 
different coolant inlet temperature and wall temperature, to examine the influence of 
these parameters on heat rejection to the coolant. The results demonstrate that as the 
temperature difference between the fluid and wall rises, the heat rejection to the coolant 
increases, which is an expected trend. 
The surface (wall) heat flux distribution obtained from CFD analysis will be used as a 
boundary condition to define the coolant side boundary load in FE analysis of the engine 
structure. 
5.3. The FE Case Studies 
The second part of this chapter covers a number of FE simulations which utilise the 
results obtained from Fluent to define thermal loading on the coolant interface of the 
structure. In the following sections, the FE simulations for each case conducted with 
different coolant side boundary conditions and different techniques used for the 
mapping of the results obtained from Fluent onto the coolant interface of the structure in 
Patran are presented in detail. A number of different models were built with this purpose 
including different coolant side boundary conditions and different mapping techniques. 
For the simplification purposes, in some FE cases the size of the model was limited. 
Analyses were conducted using the quarter model; two half bays model, and a half 
model containing two half bays and a bay of cylinder. The quarter and half model of 
engine used in the analyses are presented in Fig.4.10 and Fig.4.11 - Fig.4.13 
respectively. In some other cases, entire engine structure was modelled. The interbore 
regions within the block structure and valve bridges within the head structure are 
believed to be thermally the most critical locations. That is why the quarter and half 
model were developed using half bays. However, the main problem with the modelling 
of quarter and half models is the boundary condition that needs to be defined on the cut 
planes. Since the model is not symmetric, it would not be an accurate assumption to 
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defme symmetric boundary condition on the cut planes. As explained earlier in section 
4.2.2 for quarter and half models, MPC elements were used to tie two cut planes to each 
other, in other words to map the temperature results of one cut plane onto another one. 
In the following sections for some cases, the same analysis is conducted for limited size 
model and the entire engine model, and the results obtained from these analyses are 
compared to assess the effects of simplification made within the size of the model on 
the accuracy of the results. 
The case studies covered in this chapter can be mainly grouped into two on the basis of 
the thermal loading type applied on the coolant interface of structure. There are two 
types of thermal loading that can be applied on the coolant interface to define coolant 
side boundary condition; either the heat flux or convection boundary condition. 
For the first group case studies, the thermal loading on the coolant interface of the 
structure was defined by using either uniform heat flux boundary assumption or non-
uniform heat flux distribution obtained form CFO analyses . 
In the FE models developed for the second group case studies, the thermal loading on 
the coolant interface of structure was defined by using convection boundary condition. 
All the case studies carried out in this chapter are summarized in Tables 5.3 and 5.4. 
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Table 5.3. FE Case Studies (Heat Flux Therma l Loading on the Coolant Interface) 
Section Subsection 
5.3.1.1 
section 5.3. 1 
HEAT FLUX 5.3. 1.2 
THERMAL 
LOADING 
Section 
section 5.3. 1 
HEAT FLUX 
THERMAL 
LOADING 
5.3.1.3 
. L 
.' 
5.3.1. 1 
5.3. 1.2 
5.3. 1.3 
non-uniform surface heat flllx distribution obtained from Fluent 
Case FE_ HF 1 case, which was conducted with uniform wa ll temperature 
assumption 
non-uniform surface heat nux distribution obtained from Fluent 
Case FE HF2 case, which was conducted with uniform wa ll temperature 
assul11ptiol1 , was scaled by a factor of 0.85 
Case FE HF3 uniform heat flu x of -80 kWlm2 
f·~N.u;.~ The Discussion on the Results 
Size of the Model 
Half engine model & 
Quarter engine model 
Half engine model 
Half engine model 
Case FE_HF I in some loca l areas of the engine the temperature resu lts turned out to be very low 
va lues 
Case FE HF2 in some loca l areas of the engine the temperature results turned out 10 be very low Iva lues 
Case FE HF3 !in some loca l areas of the engine the temperature results turned out to be very low Iva lues 
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Section 
section 5.3 .2 
CONVECTION 
THERMAL 
LOADING 
Table 5.4.a. FE Case Studies (Convection Thermal Loading on the Coolant Interface) 
Subsection 
nonuniform surface heat transfer coefficient distirbution; 
section 5.3.2.1 Case FE_HTC1 for the block, the coolant temp.=385K 
for the head, the coolant temp.=387K 
non-uniform surface heat transfer coefficient distribution obtained from 
Fluent case , which was conducted with uniform wall temperature 
section 5.3.2 .2 Case FE_HTC2 assumption 
for the block, the coolant temp.=385K 
for the head, the coolant temp.=387K 
non-uniform surface heat transfer coefficient distribution obtained from 
Fluent case , which was conducted with uniform wall temperature 
section 5.3.2 .3 Case FE_HTC3 assumption 
for the block, the coolant temp.=387K 
for the head, the coolant temp.=389K 
this case was conducted with the purpose of assessing the influence of 
section 5.3.2.4 Case FE_HTC4 wall temperature assumption made in CFD analyses on the wall function 
surface heat transfer coefficient distribution results 
non-uniform surface heat transfer coefficient distribution obtained from 
Fluent case, which was conducted with the nonuniform wall temperature 
section 5.3.2.5 case FE_HTCS assumption obtained from "Case FE_HTC3" FE analysis. Nonuniform 
coolant temperature assumption using the wall temperature results of 
"Case FE HTC3" FE analysis 
non-uniform surface heat transfer coefficient distribution and non-coolant 
temperature obtained from Fluent case, which was conducted with the 
Size of the Model 
Entire engine model & 
Quarter engine model 
Entire engine model 
Entire engine model 
Cooling jacket model 
Entire engine model 
section 5.3.2.6 case FE_HTC6 nonuniform wall temperature assumption obtained from "Case FE_HTC4" Entire engine model 
FE analysis, were mapped on to the coolant interface of structure in 
Fluent using the UDF 
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section 5.3.2 
CONVECTION 
THERMAL 
LOADING 
Table S.4.b. FE Case Studies (Convection Thermal Loading on the Coolant Interface) 
section 5.3.2.1 
section 5.3.2.2 
section 5.3.2.3 
section 5.3.2.4 
~~-- - . ~. ' --~ 
,.".- t.. ~ The Discussion on the Results 
~
more reasonable temperature distribution was obtained when compared with the Case FE_HTC1 heat flux case studies even though the values may not be necessarily correct 
C FE HTC2 more reasonable temperature distribution was obtained when compared with the 
ase _ heat flux case studies even though the values may not be necessarily correct 
C FE HTC3 more reasonable temperature distribution was obtained when compared with the 
ase _ heat flux case studies even though the values may not be necessarily correct 
the results showed that wall function surface heat transfer coefficient distribution 
Case FE_HTC4 does not highly depend on the wall temperature assumption and adequately 
accurate values can be obtained even with uniform wall temperature 
more reasonable temperature distribution was obtained when compared with the 
section 5.3.2.5 case FE_HTCS heat flux case studies. More realistic assumptions were made for the HTC and 
Coolant Temperature distribution, which are both non-uniform in this case 
more reasonable temperature distribution was obtained when compared with the 
section 5.3.2.6 case FE_HTC6 heat nux case stUdies. More realistic assumptions were made for the HTC and 
Coolant Temperature distribution, which are both non-uniform in this case 
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5.3.1. The First Group FE Case Studies 
In the FE models developed for the first case, the thermal loading on the coolant 
interface of structure was specified by using heat flux boundary condition definition. 
The heat flux approach was employed first due to being the most straightforward 
method for importing and applying the heat flux as a thermal loading. It does not 
require specification of coolant temperature variation, which makes the problem more 
complicated, for the definition of the loading. This case is divided into three subcase 
studies differing from each other on the basis of the heat flux data applied on the 
coolant interface of structure. The main aim of these case studies is to show the 
effectiveness of coupling of CFD and FE analyses using the heat flux loading type to 
define the thermal loading on the coolant interface, and the sensitivity of temperature 
distribution of the structure to the heat flux values used to define the thermal loading on 
the coolant interface of structure. 
5.3.1.1. The First FE Subcase Study (Case FE_HFI) 
In the FE model developed for the first subcase, the coolant side boundary condition of 
the structure was defined using the heat flux data obtained from Fluent. This heat flux 
data was obtained from the CFD case which was conducted with the assumption of 
uniform wall temperature in Fluent. In this CFD case, to be more realistic, the coolant 
jacket wall was divided into 9 parts in Fluent, and different uniform wall temperature 
values were assumed for each section based on the results presented in Ricardo ' s report. 
This was discussed in section 5.2.2. The sections of coolant jacket wall and the 
temperature values assumed for each section can be seen in Fig.5.37. The wall 
temperature was assumed to vary only along the cylinder axis. This assumption does 
represent the reality better than the one at which a single uniform temperature was 
assigned to whole jacket wall. The heat flux distribution on the surface of coolant jacket 
obtained from this Fluent case can be seen in Fig.5.38 and Fig.5.39. The total heat 
transfer rate on the coolant jacket and average outlet temperature of coolant were 
checked to make sure that these values were sensible. The total heat transfer rate to the 
coolant and outlet coolant temperature was calculated as approximately 70 kW and 
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388.8 K respectively using the surface integral tools available in Fluent. Then the fluid 
model was imported from Fluent with the associated heat flux results into Patran to 
cond uct FE analysis. 
For the first FE subcase, two different FE models were built using the same thermal 
boundary conditions with the purpose of comparing the results; the half model which 
contains half bays of cylinderl and cylinder3 ,and a bay ofcylinder2 (see FigA. 13), and 
the quarter model which conta ins hal f bays of cylinder I and cylinder2 (see FigA.14 -
Fig.4. 16). 
The steps required to build the FE model and import the results of CFD case into FE 
simulation were explained in detail in chapter 4. The most challenging point is the 
defini tion of thennal loading on the coo lant interface of structure. Since the coo lant-
structure interface consists of very large number of elements, this boundary cond ition 
could not be appl ied in one go, because the computer was not able to handle the large 
number of elements and it ran out of memory and crashed. Because the mapping 
function takes a large amount of memory and a long time when the fields are as big as 
the one created for entire coo lant jacket. Therefore, it would be mOre sensible for the 
results to be mapped over smaller parts of the model rather than doing it in one go. In 
view of this, head and block coolant jacket ' s thermal boundary conditions are defined 
individually. The way fo llowed for the selection of correct tetra elements' faces on 
which the coolant side loading is applied was discussed in section 4.2. 1.2. Fo llowing 
those steps, heat flux boundary condition representing the coolant side loading, was 
created on the coo lant interfaces of block and head using the option of element variable 
rather than element uniform. Using the element variable is more accurate assumption 
than element uniform because element variable will take the load from the fi eld at each 
node whereas in e lement uniform the loads will be calculated at the element centroids 
using the fi elds created. 
Then, the contours of heat flux boundary condit ion on the coolant interface of the 
structure was plotted to verify that heat flux results were mapped correctly. Fig.SA I and 
Fig.SA2 show the heat flux load mapped on the coolant interface of block and head 
respecti vely. The range of contours seems good enough and also the heat flux data 
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appeared to be mapped correctly. However this judgement was made on the basis of 
just visual inspection which only shows nothing obvious is wrong with the mapping of 
the results, because there is no better way of checking this. There could be some errors 
with the mapping procedure in local areas and it is not possible to identity the mapping 
errors in those areas by just checking the sight. Therefore it is impossible for the user to 
be certain that the results were mapped correctly. After all the other necessary boundary 
conditions which were discussed in section 4.2.1.6 in detail, were defined, the FE input 
deck file (bdf file) was written out from Patran for Nastran. This bdf file contains all the 
information of the built model; the coordinate of nodes, elements' types and 
connectivity, material properties, boundary conditions etc. Then the j ob was run 
successfully using Nastran / Thermal as a solver. 
The temperature results of the hal f engine model presented in Fig.S.4} showed that even 
though reasonable temperature distribution was obtained for most of the areas of the 
structure, in some local areas of the engine the temperature results turned out to be 
unintelligible values (negative or very low values). The regions with negative 
temperature values are highlighted in Fig.5.43. There cou ld be several reasons that may 
have caused these spurious resu lts in loca l regions; mesh design may not be good 
enough or mesh density may not be fine enough or the assumptions made for the 
definition of boundary conditions in the model development stage may not be valid . The 
most obvious reason that may have caused this spurious results is, uncertainty about the 
definition of thermal loading on the coolant interface of structure, because it is known 
that applying the thermal loads correctly is one of the requirements to achieve a reliable 
analysis of the prob lem. However in this case, the heat flux values used for the 
definition of thermal boundary condition on the coolant interface of engine FE model 
were obtained from CFD analysis which was conducted with the assumption of uniform 
wa ll temperature. Actua lly, there should be nothing wrong with the heat flux approach. 
If the heat flux distribution is correct then this method should work. The errors in the 
results may also arise due to the errors associated with mapping procedure used for the 
definition of thermal loading on the structure - coolant interface. Because, the judgment 
about the accuracy of the mapping was made on the basis of just visual inspection 
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before submitting the job, as explained earlier. Since the geometry of the interface, 
consisting of thousands of element faces, is very complex and the mesh On the structure 
- coolant interface is non-congruent (non-confonna l), the mapping may be missing 
some areas out that it does not consider to be within tolerance. This leads to the 
possibility for the results to be mapped on some elements' faces incorrectly and it is not 
possible to identify the mapping errors in local areas. However this would show up on 
the contour plots though . Also, all steps followed for building the model in the pre-
processing stage were double-checked to verify that nothing was wrong with the model, 
material properties and loading boundary conditions. 
Also the temperature distribution on both cut planes of the half model, which are not 
exactly identical in geometrical tenns, was examined to assess the effectiveness of 
method of mapping the temperature from one cut plane to another. The temperature 
distribution on the cut planes of half block and head can be seen in Fig.5.44. The results 
showed that using the MPC elements work quite well for tying the two cut planes to 
each other. The same temperature distribution obtained on the cut planes confinned that 
the coefficients of independent nodes were calculated correctly and correct nodes were 
connected to each other. However, it is important to remember that, the assumption of 
using MPC elements to tie the cut planes to each other introduces additional errors to 
the solution. 
This first case was also conducted with the quarter engine model with the purpose of 
assessing the effectiveness of simpli fy ing the size of the model. The temperature 
distribution results within the regions which were modelled in the quarter model 
analysis were compared with those of the same regions in the half engine model, and 
the results of the two cases indicate that, comparable results can be achieved between 
the half model and quarter model. The temperature distribution throughout the quarter 
model are presented in Fig.S.4S. The main drawback of the analyses conducted with the 
limited sized models is that these analyses do give infonnation only about the 
temperature distribution of the particular regions of the engine. 
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Figure 5.44. Temperature Distribution on the Cut Planes of Half Engine Block and Head Model [K] 
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5.3.1.2. The Second FE Subcase Study (Case FE_HF2) 
Another subcase study which is very similar to the previous one was carried out by 
factoring the heat flux results imported from Fluent into Patran. The total heat rejection 
to the coolant is expected not to be more than 50 % of the engine 's brake power which 
is 135 kW. This observation is based on the studies in literature, Ricardo 's report and 
the experience of engineers in Ricardo (Ricardo, 2005). However, in the previous case 
the total heat rejection was predicted as about 72 kW by Fluent. This value is more than 
the expected value which should be in the range of65 kW. In view of this, the heat flux 
results were scaled by a factor of 0.85 in Patran to achieve more reasonable heat rate 
and heat balance. The reason for choosing the scale factor as 0.85 is, the total heat 
transfer rate was calculated as 71-72 kW by Fluent, but it is expected not to be more 
than 64-65 kW. All the steps required to define coolant side boundary condition 
explained for the previous case were conducted for this one as well. The only difference 
is, before creating the continuous FEM field, which is required for the definition of 
coolant side boundary condition, the contours of heat flux results on the imported 
coolant jacket's surface was plotted by scaling the results by a factor of 0.85. 
The results obtained from this case showed a similar temperature distribution to the 
previous case. The temperature results of the half engine block and head model are 
presented in Fig.5.46. For most of the areas of the structure, reasonable temperature 
distribution was obtained but the temperature results turned out to be somewhat 
unintelligible values (very low values, about 240 K) for some local areas of the engine. 
The results also indicated the temperature rise within the engine structure which is an 
expected trend. Because the heat flux load on the coolant interface of the structure was 
scaled by a factor of 0.85, hence the amount of heat transferred to the coolant is reduced 
leading to an increase in temperature values of structure. Hence, the minimum 
temperature values occurred within the model is not as low as the previous case. This 
verifies that the heat flux within the regions where the temperature distribution was very 
low or negative is still significantly higher than it should be. 
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Also, the total heat transfer rate from the coolant interface of structure computed by 
Nastran was checked to verify that a similar value was achieved with Fluent. It was 
calcu lated as approximately 28 kW. Even though simi lar values were achieved for the 
total heat transfer rate, there is significant doubt over the heat flux values applied in 
some local areas. The uncertainty about tbe heat flux distribution in the local areas 
arises due to the uniform wall temperature assumption made in CFD analysis. Even 
though on most of the areas of the coolant - structure interface, the heat is known to 
transfer from the structure to the coo lant, in some areas the heat transfer may occur in 
the opposite direction, from the coolant to structure. In this latter case, heat flux values 
were factored to achieve the heat balance, but if the heat is taken out from one region 
and added to another region which is what is normally expected, then it could result in 
some strange temperature distributions in local areas as obtained from this analysis. 
Therefore, factoring the heat flux is not a good assumption which may have caused 
spurious temperature results. Furthermore, it is not clear whether the errors in the heat 
flux distribution obtained from CFD or the errors in the mapping procedure cause the 
errors in the results. 
The results of the two cases showed that, when the thermal loading on the coolant 
interface of structure was applied as a heat flux , errors occurred in the results. The 
question that arises at this stage is, "does the same effect happen if a constant heat flux 
assumption is made on the coolant interface of structure?" If a similar effect happens 
with a constant heat flux assumption, then it is more likely to face with the same 
problem with a mapped heat flux . This would indicate that the problem could be with 
the heat flux boundary conditions (heat flux values) and not the mapping. In view of 
this observation, another model is built with applying the thermal loading on the coolant 
interface of the structure as a constant heat flux to see whether similar results would be 
obtained. 
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Figure 5.46. Temperature Distribution throughout Half Engine Block And Head [ K 1 
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5.3.1.3. The Third FE Subcase Study (Case FE_HF3) 
Another model was built by only changing the coolant side boundary condition 
definition. Different from the previous cases, constant heat flux was used to define the 
thermal loading on the coolant interface of structure rather than non-uniform heat flux. 
An average value of 80 kW 1m2 was assumed as heat flux based on the results presented 
in Ricardo's report (Thomas, 2002). All the steps required to define coolant side 
boundary condition explained for the previous case were conducted for this one too. A 
similar temperature distribution was obtained when compared with the previous case. 
The temperature results of the half engine block and head model are presented in 
Fig.S.47. Similarly, the temperature results turned out to be some unintelligible values 
in some local areas of the engine. The results obtained from this case indicate the 
sensitivity of temperature distribution to the heat flux distribution defined on the coolant 
interface of structure, especially in local areas. The results indicate that if incorrect heat 
flux values are used in local areas, then the temperature distribution of these areas could 
result in some unintelligible values. However in view of this observation, it is not 
possible to say that incorrect heat flux distribution results is the only cause of spurious 
results, because there is still some uncertainty about the accuracy of the mapping 
procedure which may also be causing these incorrect results. Therefore, at this stage an 
alternative approach, which is mapping convection boundary conditions on the coolant 
interface, will be tried (see Fig.3.4). 
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Figure 5.47. Temperature Distribution throughout the Half Engine Block And Head [ K 1 
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5.3.2. The Second Group FE Case Studies 
Different from the first three case studies, in this case the thermal loading on the coolant 
interface of the structure was specified by using convection boundary definition and all 
other thermal loading conditions on the model were maintained. There are two different 
approaches in Patran, which can be used in this analysis, for the definition of convection 
boundary condition. The simplest type of convection loading definition is "convection 
to ambient" boundary condition at which the heat is convected to ambient. If this 
approach is used, any fluid flow within the fluid domain is ignored and the fluid is 
assumed to be at a uniform temperature. The definition of convection to ambient 
boundary condition requires three main inputs; heat transfer coefficient (HTC) value 
(could be either uniform or variable), ambient temperature value (uniform) and the 
surface on which the loading is defined. This type of loading was used for the 
specification ofthermalloadings on head valve bridges, inlet and exhaust port surfaces, 
and surfaces exposed to oil already. 
The other way of defining convection boundary condition is to use "coupled convection 
boundary condition" in which the temperature variations exist within the fluid medium 
and are taken into consideration in the modelling stage. In other words, fluid 
temperature is assumed to be non-uniform within the fluid domain. In addition to the 
inputs of heat transfer coefficient (HTC) value (either uniform or variable) and the 
surface on which the loading is defined, the coupled convection boundary condition also 
requires a series of nodes for the ambient side as well. First of all, temperatures of these 
nodes, which represent the temperature variation within the fluid domain, are specified 
using the temperature boundary condition, then the coupled convection boundary 
condition is defined between those nodes and the surface from / to which the heat is 
convected. This type of convection loading is used for the definition of thermal loading 
on the surfaces of cylinder bore which was explained earlier in section 4.2.1.6. 
This 2nd case can be divided into five FE subcases differing from each other on the basis 
of the method, and heat transfer coefficient and coolant temperature values used for the 
definition of convection boundary condition. The sub cases in the 2nd case present the 
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five models which were developed by applying convection thermal loading on the 
coolant interface of the structure as tabulated in Table 5.4. 
One of the aims of the case studies presented in this section is to show the influences of 
non-uniform convective heat transfer and non-uniform coolant temperature 
assumptions, used for the definition of convection boundary loading on the coolant 
interface of the structure, over the structure temperature distribution. Since, in most of 
the FE thermal analyses of the engines carried out by the companies in industry, the 
contribution of the local coolant temperature and velocity have been neglected. At the 
end of these case studies, the effects of assuming constant coolant temperature (case 
FE _ HTC2) used for the definition of convection boundary loading on the temperature 
distribution of the structure results will be highlighted more clearly by comparing with 
the results obtained from the model, at which non-uniform coolant temperature and non-
uniform convective heat transfer assumption were made using the results obtained from 
CFD analyses. Assuming a non-uniform coolant temperature together with the non-
uniform convective heat transfer coefficient to defme the thermal loading on the coolant 
interface of structure is one of the main novelties and superiority of the present research 
(Case FE_HTC5). The deficiency of the methodology used by the companies will be 
highlighted more clearly. This will be discussed in more detail in section 6.2 .8. 
5.3.2.1. The First FE Subcase Study (Case FE_HTCI) 
For the first subcase, a new model with entire engine structure has been built by 
defining "convection to ambient" boundary condition on the coolant interface of 
structure with the assumption of non-uniform convection heat transfer coefficient 
distribution, but uniform temperature assumption was made for simplification purposes. 
Convection heat transfer coefficient was assumed to vary only along the direction of the 
cylinder axis. The values used for the non-uniform heat transfer coefficient distribution 
was obtained from Ricardo's report based on the plot contours of heat transfer 
coefficient on the coolant jacket surfaces. For the case to be more realistic and due to 
the software and computer resource constraints, thermal loadings on the coolant 
interface of the block and head structures were defined individually with the assumption 
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of different non-uniform heat transfer coefficient distributions and coolant temperatures. 
The tabular data showing the variation of heat transfer coefficient in the direction of 
cylinder axis on the coolant interface of the block and head can be seen in Table 5.A.! 
and Table 5.A .2 respectively (appendix section). The coolant temperatures were 
assumed as 385K and 387K for the definition of block and head convection loading 
respectively. The reason why higher temperature was assumed for the coolant within the 
head jacket is; the coolant heats up while circulating within the block jacket before 
entering the head coolant jacket. The contours of the convection boundary condition 
applied to the coolant interfaces of block and head using non-uniform heat transfer 
coefficient can be seen in Fig.5AS. 
The results of temperature distribution obtained from this analysis appeared to be more 
reasonable when compared with the first three cases. The temperature distribution of the 
engine structure obtained from this case can be seen in Fig.5.49. Also, the thermally 
critical locations throughout the engine structure are highlighted in Fig.5.49. As can be 
seen from Fig.5.49, the minimum temperature occurred within the block and head are 
379K and 360K respectively, which are reasonable unlike the temperature distribution 
obtained in the first three cases. The total heat transfer rate from the coolant interface of 
block and head were computed as approximately 26.9 kW and 34.4 kW, which are 
reasonable . The main reason which may lead to inaccurate temperature values is that the 
values assumed for heat transfer coefficient and coolant temperature do not represent 
the case in reality, because these values are assumptions. In reality, non-uniform heat 
transfer coefficient and coolant temperature field exist within the fluid domain. The 
results of this case indicate that more reasonable temperature results could be obtained 
with the application of convection boundary condition even with the assumption of non-
uniform heat transfer coefficient and constant coolant temperature rather than the 
uniform or non-uniform heat flux boundary condition definition on the coolant interface 
of the structure. It could also be said that the temperature distribution within the 
structure are less sensitive to accuracy of heat transfer coefficient distribution on the 
coolant interface of structure when compared with the heat flux. In view of these 
observations, it can be said that if more realistic assumptions could be made for the 
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definition of the convection boundary condition, e.g. more realistic assumptions for the 
value of heat transfer coefficient and the fluid temperature, it is more likely to obtain 
more accurate results and make this iterative approach work. In view of these 
observations, the next case will be built by making a more realistic assumption, which is 
required to reach a reasonable final solution, for the variation of heat transfer coefficient 
on the surface of the coolant jacket. 
This first subcase was also conducted with the quarter engine model (two half bays of 
cylinder I and cylinder 2) with the purpose of assessing the effectiveness of simplifying 
the size of the model. The results obtained from the entire and quarter engine model 
indicate that even though the comparable temperature results can be achieved within the 
regions which were modelled in the quarter model analysis and those of the same 
regions in the entire engine model, thermally critical locations for head and cylinder 
may occur in other regions than the one considered by the quarter model. The analyses 
conducted with quarter models do give information only about the temperature 
distribution of particular regions of the engine. So if the analysis is conducted using the 
quarter model, then several models must be built including different cylinders . Also, it 
is important to remember that, the assumption of using MPC elements to tie the cut 
planes to each other introduces additional errors to the solution. Also, the other 
drawback of limiting the size of the model is related to the data transfer from FE 
analyses to CFD analyses. Therefore it is best to perform the analyses with entire 
engine model provided that computer resources enable this, because it is 
computation ally more expensive. But there is always a price to pay for higher accuracy. 
The detailed information about the effectiveness of simplifying the model and the 
results of quarter model analysis can be found in appendix section S.A.l , Fig.S.A.1 
Fig.5.A.3. 
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5.3.2.2. The Second FE Subcase Study (Case FE_HTC2) 
For the second subcase, a new model with entire engine model has been built by 
defining "convection to ambient" boundary condition on the coolant interface using heat 
transfer coefficient results obtained from the CFD analysis, but uniform temperature 
assumption was made for the coolant similar to the previous subcase study. This is the 
approach employed by most of the companies in industry e.g. Ricardo. Unlike the 
previous case, more realistic assumption was made for the convection heat transfer 
coefficient distribution used to define convection boundary condition on the coolant 
interface of structure. The heat transfer coeffi cient results from the CFD case was 
imported from Fluent into Patran together with the meshed model. The method that 
needs to be followed to import the fl uid domain and associated heat flux results were 
explained in detail in section 4.2. 1.3. [n this subcase study, the only difference is that 
the heat transfer coefficient distribution on the jacket surface was imported from Fluent 
into Patran rather than heat flux. The coolant temperature assumed for the block and 
head convection loadings were 385 K and 387 K respectively, which were made on the 
basis of results presented in Ricardo's report. Then, the contours of heat transfer 
coefficient on the coolant interface of structure was plotted to veri fy that heat transfer 
coefficient results were mapped correctly. The range of heat transfer coefficient 
contours seems reasonable and the heat transfer coeffic ient distribution appears to be 
mapped correctly. However this judgement was made on the basis of just visual 
inspection which only shows that nothing obvious is wrong with the mapping of the 
results because there is no better way of checking this. 
The temperature distribution results obtained from this analysis appeared to be more 
reasonable when compared with the case studies ran with heat flux boundary condition 
on the coolant interface. The temperature results of the block and head are presented in 
Fig.5.50 and Fig.5.S1 respectively. Fig.S.Sl also show the regions within the head 
model whose temperatures are higher than 600K. As it can be seen from Fig.S.SI, the 
highest temperatures of the structure occurred around the exhaust - exhaust valve 
bridges particularly around the exhaust - exhaust valve bridge of cylinder 2, which is 
highlighted in the figure. Since, these regions are exposed to very high temperature 
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combustion and exhaust gases. On the cylinder block, the areas of the bore surfaces 
towards the top deck of cylinders, were identified as thermally critical locations. Since, 
the upper regions of bore surfaces are exposed to high temperature and pressure gases 
due to the piston movement than the lower regions. 
The results indicate that the approach used proceeds in the right path towards getting 
more accurate results. There could be two main reasons for the temperature distribution 
of the structure not to be accurate; 
I. The most obvious reason that may have caused inaccuracy in the results is the 
uncertainty about definition of thermal loading on the coolant interface of 
structure. The values assumed for heat transfer coefficient used for the definition 
of convection boundary condition may not be accurate, because they were 
obtained from the CFD analysis which was carried out with the assumption of 
uniform wall temperature on the coolant surface. However, unlike the surface 
heat flux, the surface heat transfer coefficient distributions obtained from the 
CFD case are not highly dependent on the wall temperature assumption. The 
effects of wall temperature on surface heat transfer coefficient distribution are 
discussed in detail in section 5.3.2.4. Also, uniform temperature assumption 
made for the coolant within the jacket in the FE analysis is not a correct 
assumption, because it is known that in reality, coolant temperature fields are 
non-uniform within the fluid domain. However, this is the most widely used 
approach by the companies e.g. Ricardo. Assuming constant coolant temperature 
may have significant effects on the results, but at this stage the effects of 
assuming constant coolant temperature is not known. These effects will be 
discussed in section 6.2.8 in detail. 
11. The errors in the results may also arise due to the errors associated with the 
mapping procedure used for the definition of thermal loading on the structure -
coolant interface. The possible causes of errors in the mapping procedure were 
discussed in section 5.3.2.1 in detail. 
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The results of these two subcases indicated that more accurate temperature distribution 
results have been obtained with the application of convection boundary condition rather 
than non-uniform heat flux boundary condition on the coolant interface of the structure. 
The results also indicate that it is more likely to get more accurate temperature results 
from the cases which are conducted with more realistic assumptions for surface heat 
transfer coefficient. May be after carrying out a number of iterations between Patran 
and Fluent as discussed in section 3.4.2.2, more accurate temperature results could be 
obtained. 
208 
Chapler 5 
469-00 
• £3-
tl67·00~ 
451 .. 00 
<I ~5 .. 00, 
<139-00 
<I '34.00 
J ~(H)fr. 
<12,:,00" 
<116·00 
4 10-00 
J 04'00 
3: 98'00: 
392-00 
-386·00 
J eo.oo 
~tn3 80'OO2@ Nd{)149794 
Figure 5.50. Temperature Distribution throughout the Entire Engine Block [ KJ 
209 
------- ---
469·00 
-4 6S .00~ 
4 57'OO~ 
451-00 
" 45'00 
439"00, 
" 34-00 
428·00: 
4 22'OO~ 
<I 16. 00, 
<110'00 
404-00 
3: 98-0<) 
392-00 
3"'-
3: 80-00 
+ 
380· 00' 
detauH]noge 
Ma-'4 69.002@Na5710897 
M.n S &I)' 002@Nd674979. 
-------- ------- -----------
do °aullJfY'I9(f 
7 16·00~ 
€-~l -OO: 
658-00 
(,4~-OO. 
6 :'1).00 
6J~l.OO 
~·OO': 
'502 0 00_ 
<I 18.00_ 
d 'j'j 0rJO£ 
.j 31 0 01)£ 
A 07_00_ 
"3S4·00~ 
3f.O·OO 
"i;llC 716.002 (§INo 18012600 
"i!fl3M·OO:.> ~tld 18020187 
del.:wIfJ!'I!'\9iI 
Mav 7 16-002 (liNo 181»)26!1b 
Mln 3 60. 002 GNd 180201$7 
Chapter 5 
The regions with a temperature 
distribution higher than 600 
de~au!t]hnqt> 
115-\)0 
&91-00 
I) ISS-OO 
64J · OO· 
620-00. 
~97 -00. 
'513-00 
5~'6'OO_ 
502-00_ 
<178·00 
4 W-OO 
<I ;')-00':-
<I 07'1)0. 
33J· OO· 
360·OOa....; 
Ma:t 116'QO:-'wNd 180t~st 
N,\f)3t>O·OO2~Nd 18020181 
Thermally the most 
"" ;uJ' '''''' critica l va l v&aJ~'Gg(®Nd 18012696 
MIn$6(hOOZ$/,/d 180UlIS7 
Figure 5.5 1. Temperature Distribution throughout the Entire Engine Head [ K 1 
210 
Chapter 5 
5.3.2.3. The Third FE Subcase Study (Case FE_HTC3) 
To assess the effects of coolant temperatures within the coolant jacket on the 
temperature distribution results of the structure, previous case was also run with 
different coolant temperatures used for the definition of the convection boundary 
condition. 387K and 389K were assumed for the coolant temperature within the block 
and head jacket respectively. This case study was performed with the purpose of 
assessing the sensitivity of results to the coolant temperature. The heat transfer rates 
from the surfaces of coolant interface of block and head were compared with the 
previous case. As it can be seen from Table 5.5, the heat transfer rate reduces but not 
significantly as the coolant temperature increases. This is an expected trend because the 
temperature difference between the coolant and the wall reduces as the coolant 
temperature increases which leads to a reduction in the heat transfer rate. 
The temperature results obtained from this case show that the solution is dependent on 
the coolant temperature as it was expected, because the coolant temperature value has 
an effect on the total convective heat transfer rate. The temperature distribution within 
the block and head obtained from this case can be seen in Fig.5.52. The results showed 
that, assuming higher coolant temperature within the jacket resulted in only a couple of 
degrees increase in the regions with highest temperature within the structure. 
In view of these observations, it can be said that, it is more likely to get more accurate 
temperature results, if more realistic assumptions could be made for the variation of 
coolant temperature within the fluid domain in addition to the variation of heat transfer 
coefficient on the surface. 
Table 5.5. The Total Heat Transfer Rate on the Coolant Interface of Engine Structure 
On the coolant interface of block 
On the coolant interface of head 
T,oolan.,block=385 K 
T,oolan.,hoad=387 K 
26297 W 
34174 W 
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25600 W 
34015 W 
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5.3.2.4. The Fourth FE Subcase Study (Case FE_HTC4) 
As discussed earlier, the main reason that causes the inaccuracy of the temperature 
results is related to the accuracy of assumptions made for the surface heat transfer 
coefficient distribution on the coolant interface of the structure and uniform coolant 
temperature within the coolant jacket. Even if accurate heat transfer coefficients are 
applied on the coolant interface of the structure for the definition of thermal loading, 
since the temperature of coolant is assumed as uniform, it is not possible for the 
accurate temperature distribution of the structure to be obtained. Because, the 
temperature of coolant is highly non-uniform within the coolant jacket and uniform 
temperature assumption for the coolant does not represent the situation in reality. 
In view of this, a new case study was carried out to assess the sensitivity of surface heat 
transfer coefficient and surface heat flux to the wall temperature assumption made in 
CFO analyses. It is known that surface heat flux distributions on the walls of coolant 
jacket obtained from CFD analyses are highly dependent on the temperature assumption 
of the coolant jacket wall. Therefore in order to obtain accurate surface heat flux 
distribution on the coolant interface of the structure from CFO analyses, it is necessary 
to apply correct temperature distribution on the walls of coolant jacket in CFD analyses. 
However, the non-uniform coolant jacket wall temperature was not available, so 
constant wall temperature assumption was made for the coolant jacket wall. Therefore, 
it was not possible to obtain accurate surface heat flux distribution on the coolant 
interface of structure without employing the iterative approach between CFD and FE 
analyses as discussed in section 3.4.2.2. However, the same does not apply to surface 
heat transfer coefficient distribution. In the literature and in theory books of CFD, it has 
been shown that the surface heat transfer coefficient distribution does not depend on the 
wall temperature assumptions and it only depends on turbulence effects within the flow. 
The formulation for the wall heat flux used in most CFD codes is as follows. 
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In view of this, four CFD models were built with different constant wall temperature 
assumptions, which are 390 K, 400 K, 410 K and 420 K, in Fluent to assess the 
sensitivity of surface heat transfer coefficient and surface heat flux to the wall 
temperature assumptions. The surface heat transfer coefficient and surface heat flux 
distributions on the walls of coolant jacket obtained from these cases are presented in 
Fig.5.53 and Fig.5.54 respectively. As it can be seen from these figures, the surface heat 
transfer coefficient distributions obtained from these cases are almost the same. This 
shows that surface heat transfer coefficient distribution does not highly depend on the 
wall temperature assumption and adequately accurate values can be obtained even with 
uniform wall temperature. On the other hand, surface heat flux distribution shows 
significant variation with different wall temperature assumptions. This shows that 
surface heat flux distributions on the walls are highly dependent on the wall temperature 
assumption, and therefore obtaining accurate heat flux distribution requires the 
application of correct wall temperature distribution. 
The way how the CFD analysis of coolant jacket is carried out by the companies in 
industry is; with the purpose of simplification, the CFD model is built with the 
assumption of uniform wall temperature. Then the surface heat transfer coefficient 
distribution on the coolant interface of structure obtained from this case is imported into 
FE model to define the thermal loading on coolant side of the structure. The surface 
heat transfer coefficient distribution obtained from the CFD case is assumed as 
adequately accurate, because it is known that the accuracy of surface heat transfer 
coefficient distribution does not necessarily require accurate wall temperature 
assumption for CFD case as it was proven in this subcase. Then, the convection thermal 
loading on the coolant interface of structure in FE model is defined by using the heat 
transfer coefficient distribution obtained from CFD case and assuming a constant 
coolant temperature. In this type of analyses, the contribution of the local coolant 
temperature which has a significant effect on metal temperatures, has been neglected. 
The thinking behind assuming the coolant temperature as constant is that since the rise 
of coolant temperature throughout the coolant jacket is expected to be 5-6 K, assuming 
uniform coolant temperature within the coolant jacket is thought as reasonable. 
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However it is known that, the temperature of coolant rises up to 415-420 K in some 
regions, so it is not exactly correct to make uniform coolant temperature assumption 
within the coolant jacket. However this is a common practice in industry. For the case 
study FE_HTC2, the same approach was fo llowed. 
As a conclusion, the main problem with the defmition of convection thermal loading on 
the coolant interface is, assuming the coolant temperature as constant. Since the 
temperature of coolant is highly non-uniform within the jacket, assuming the 
temperature of coolant to be constant introduces additional errors to the analysis and it 
is not possible to obtain accurate temperature distribution throughout the structure. 
Extensive numerical investigations carried out in the literature have proved the 
significant influence of the local convective heat transfer coefficients and coolant 
temperatures over the wall temperatures . This was discussed in section 3.4.4.2. 
Therefore, the approach of defining the convection thermal loading on the coolant 
interface of the structure with the assumption of constant coolant temperature will not 
be employed in this work. In the next sub case study, the possibilities for using variable 
coolant temperature within the coolant jacket domain for convection boundary 
condition definition are investigated. For the following FE subcase, the non-uniform 
heat transfer coefficient and coolant temperature distribution obtained from the CFO 
case which was ran using the temperature results of this FE subcase FE_HTC3 are used 
rather than the CFO case which was built with the assumption of uniform wall 
temperature. In order to do this, initially the temperature results on the coolant interface 
of the structure obtained from this FE subcase was imported from Patran into Fluent 
with the aim of running the CFO case with more accurate wall temperature assumption. 
This is the reason why the previous subcase was conducted with the entire engine 
model. 
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5.3.2.5. The Fifth FE Subcase Study (Case FE_HTC5) 
For the fifth sub case, a new model with entire engine structure has been built by 
defining "coupled convection boundary condition" on the coolant interface of the 
structure using the heat transfer coefficient results obtained from CFD analysis similar 
to the previous sub case. But different from the previous subcases, a non-uniform 
temperature distribution was assumed for the coolant which makes the model 
development and analysis more complicated. Assuming non-uniform coolant 
temperature within the jacket for the definition of convection thermal loading on the 
coolant interface is more realistic assumption than the uniform coolant temperature 
assumption which leads to more accurate results and in this case this effect is modelled 
in addition to the variable heat transfer coefficient on the surfaces. The other difference 
from the previous cases is that CFD results used in this analysis were obtained from a 
different CFD case, which was ran with the assumption of nonunifom wall temperature 
distribution using the temperature results obtained from the previous FE subcase. So, 
more accurate values were assumed for heat transfer coefficient and coolant temperature 
in this FE analysis. As it was explained in section 5.3.2, when the variation of fluid 
medium's temperature is desired to be modelled within the convection boundary 
condition definition, the only way of doing this is to define "coupled convection 
boundary condition" between the surface of the structure and the fluid. However 
coupled convection boundary condition requires the definition of a series of nodes on 
the fluid side to represent the variation of fluid temperature. After creating the nodes 
and specifYing the temperature values for each node on the fluid side, then the 
convection boundary condition can be defined between these nodes and the surface on 
which convection loading is applied. The important point is, the decision must be made 
on how many nodes are required to represent the variation of coolant temperature within 
the jacket. So, one can say that all nodes in the fluid model are required to model the 
variation of coolant temperature accurately. The fluid model imported into Patran 
consists of 214408 nodes and 406894 surface elements. However, due to the computer 
and software constraints, it is not possible to follow this approach. Because the 
computer is at its limits to handle this size of a problem, so, importing all fluid nodes 
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and defming a temperature value to each fluid node turns the model into more 
complicated problem which is not possible for the computer to handle. Apart from this 
problem, a bug in Fluent for Patran export option for the interior nodes and associated 
temperature values were discovered. So, there is no way of importing fluid temperature 
results of interior nodes from Fluent into Patran. This bug was reported to the engineers 
in Fluent and they confirmed this bug. 
Patran uses the closest point approach for defining the coupled convection boundary 
condition between the fluid nodes and the elements on the structure surface. Therefore, 
there is no need for the internal nodes of coolant domain and their temperature 
distribution to be imported from Fluent into Patran. Patran only checks the temperature 
of the closest node defined on the fluid side for each face of the structural element on 
which the convection loading is defined . Since the nodes that are closest to the tetra 
element faces of the structure are the ones which are on the surface of the coo lant jacket 
wall, there is no need for the nodes inside the jacket. Even if there is a way of importing 
these interior nodes, and if the temperature is specified at each node, Patran does not 
take the nodes and their temperatures into account while creating the convection 
boundary condition, because always the nodes on the coolant jacket surface are the 
closest ones to the elements on the coolant interface of the structure, so interior nodes 
are simply ignored. So, only importing the elements on the jacket wall from Fluent into 
Patran was believed to be sufficient. However, since the mesh of fluid domain is very 
fine, even the surface contains very large number of nodes and elements (214408 nodes 
and 406894 elements). The fine surface mesh of fluid imported into Patran can be seen 
in Fig.S.SS. The large number of elements and nodes contained in the model makes the 
definition of coupled convection boundary condition not possible due to the computer 
power constraints. Because initially temperature values are required to be specified at 
each node and then coupled convection is created using these nodes. Since the 
defmition of coupled convection boundary condition uses a large amount of computer 
memory, it is not possible to define coupled convection with that number of nodes and 
elements even if the surface, on which the boundary condition is defined, is divided into 
small parts. What this means is, the fluid model needs huge amount of simplification (a 
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model with less number of elements) before it can be used for the definition of coupled 
boundary condition. The fluid domain can be simplified by creating coarse mesh on the 
fine mesh which reduces the number of nodes required for the definition of convection 
boundary condition. In other words, another assumption was made with the purpose of 
simplitying the fluid model. Mesh-on-mesh tools avai lable in Patran is used to simplity 
the fluid model in this way and a ,continuous FEM field is used to map the results of fine 
fluid mesh onto the coarse fluid mesh. initially, the fluid model (only surface mesh) is 
imported with associated temperature results into Patran. After importing the model and 
the results, the contour of temperature is checked to verity that comparable temperature 
distribution is achieved with Fluent. Then, a Continuous FEM field is created using this 
plot . Afterwards, a fluid model with coarser mesh is created on top of the fine fluid 
mesh model, and the elements and nodes of the coarser model is gathered under a 
different group. Then, using the continuous FEM field created earlier, the temperature 
results on the fine meshed model are mapped onto the coarser model. By following this 
way, the simplification of the fluid domain is achieved. Then, the coarser fluid mode l 
containing less number of nodes is used for the definition of coupled convection 
boundary condition rather than the fine mesh in the following stages. 
In view of explanations above, the model was imported from Fluent into Patran with the 
aim of carrying out the steps discussed in the previous paragraph. The CFD model of 
fluid domain was imported successfully but wrong temperature values were associated 
with the nodes on the surface. This error was figured out by checking the files, which 
were created by Fluent while the fluid model and the results were being exported . It 
turned out that the total number of the nodes written out in the neutral file, which 
contains information of the nodes and element connectivity, differs from the total 
number of nodes written in the result file (an example of the format of neutral and result 
fil es written out by Fluent can be seen in Fig.4.A.I - Fig.4.A.2, appendix section ). This 
showed that Fluent 6.2. I 6 has also a bug for exporting the temperature results of the 
nodes on the coolant jacket wall. The problem is with the result fil e, not the model file. 
This bug was reported to the engineers in Fluent and they confirmed this bug too. At 
this stage, since there is no way for the bug to be fi xed until the release of the new 
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version of Fluent, an alternative way was needed to be found to solve this problem. An 
alternative approach which sounds quite reasonable to obtain more accurate results was 
developed. Since Patran checks the temperature of closest fluid nodes for each structural 
elements faces on the coolant interface only, there is no need for the temperature 
distribution of all interior nodes in the fluid domain to define the convection boundary 
condition in Patran which was indicated earlier. However it is not possible to import the 
fluid temperature on the wall boundary either, due to the bug present in Fluent. It is 
known that, the closest fluid node to each structural element on the coolant interface is 
the fluid node which is in contact with the wall, in other words the fluid nodes which 
are on the surface of coolant jacket wall. It was assumed that the fluid node which is in 
contact with the wall experiences the wall temperature. Since the temperature results 
obtained from the previous FE subcase run was used to define the coolant jacket wall 
temperature boundary condition in Fluent, the fluid nodes on the wall can be assumed to 
experience that temperature distribution. Therefore, the di stribution of the coolant 
temperature which is required for the definition of coupled convection boundary 
condition can be specified by using the wall temperature results obtained from the 
previous FE subcase run by Nastran. Because it was assumed that the fluid layer next to 
the wall experiences the same temperature as the wall which the fluid is in contact with. 
The coarse fluid surface mesh consists of 42924 elements and 20649 nodes which are 
almost the 10% of fine fluid mesh. Fig.5.55 showing fine mesh imported from Fluent 
into Patran and the coarse mesh created on fine mesh gives an idea about the relative 
sizes of the elements. The temperature results on the coolant interface of structure was 
mapped onto that coarse fluid mesh using the field functionality. Then coupled 
convection boundary condition was defined between the nodes of the coarse fluid model 
and the faces of tetra elements on the coolant interface of the structure. Fig.5.56.a and 
Fig.5.56.b show the contours of the heat transfer coefficient distribution mapped on the 
coolant interface of block and head respectively. The results obtained from this case 
appeared to be more sensible. Temperature results of the engine block and head are 
presented in Fig.5.5? and Fig.5 .58 respectively. As can be seen from Fig.5.5?, the 
highest temperature for the block occurred around the interbore region towards the top 
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deck of cylinders. As it can be seen from Fig.S.S8, the highest temperatures occurred 
around the exhaust - exhaust valve bridges of cylinder2 which is highlighted in the 
figure. This observation is consistent with the one of case FE_HTC2. 
In this FE subcase, the non-uniform temperature assumption was made to more 
accurately represent the variation of the coolant temperature within the fluid domain. 
However using non-uniform coolant temperature to define the convective thermal 
loading on the coolant interface of structure complicates the problem significantly. The 
effects of assuming non-uniform coolant temperature over the temperature distribution 
results will be discussed in section 6.2.8 by comparing the results of this subcase with 
the results of FE_HTC2 and FE_HTC3 case studies, at which uniform coo lant 
temperature assumptions were made. Assuming non-un iform coolant temperature in 
addition to the non-uniform convective heat transfer coefficient is one of the novelties 
and superiority of this work. Due to the complexity and size of the problem, this type of 
work assuming non-uniform coolant temperature in FE analyses has not been reported 
in the literature. 
The results of these six subcases indicated that each trial conducted with incrementally 
more rea'listic assumptions resulted in more reasorrab-Ie temperature distribution. With 
this success, iterations were conducted between Fluent and Patran on the basis of 
iterative approach which was discussed in section 3.4.2.2. In other words, the 
temperature results of coolant interface of structure obtained from the FE subcase was 
imported into Fluent and CFO case was ran with the assumption of nonunifom coolant 
jacket wall temperature. Then, the surface heat transfer coefficient on the coolant jacket 
wall (and non-uniform coolant temperature distribution) obtained from Fluent case was 
fed back into FE subcase to define the thermal loading on the coolant interface of 
structure. In total, 3 iterations were carried out between Fluent and Patran. It was 
observed that the temperature distribution did not appear to be converging after 3 
iterations (convergence rate seems to be very slow.) May be after tens of iterations, the 
convergence could have been achieved but for each iteration, to go back and forth 
between Fluent and Patran, took about a week, and so there was not adequate time to do 
this large number of iterations which was expected to take a very long time and it is not 
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practical. Furthermore, the number of iterations that is needed to be carried out for 
different coolant inlet temperatures meant that many months are required to obtain the 
results using this approach. Also, there is no guarantee that the results would converge. 
In addition, there are still some uncertainties about the effectiveness of mapping utility 
in Patran and it is very likely to make mistakes during the data exchange between CFD 
and FE software because it was carried out manually. As a result, due to time 
constraints, this approach which is not practical was abandoned. 
The reasons behind the causes of the slow convergence warrants further considerations. 
It is known that applying the thermal loads correctly is one of the requirements to 
achieve a reliable analysis of the problem. However in this case, thermal boundary 
conditions were defined on the basis of a number of assumptions which may not be 
correct enough. One of the reasons could be; the assumption of using the wall 
temperature distribution obtained from the previous FE case to define the coolant 
temperature distribution in the subsequent FE case. As it was explained, the main reason 
of making this assumption is due to the bug present in Fluent which does not enable the 
user to import the temperature values of the nodes on the wall of coolant jacket from 
Fluent into Patran. The other reason that may be causing the slow convergence is, there 
could be something wrong with the mapping procedure. So an alternative method 
should be found to transfer the coolant temperature data from Fluent into Patran. 
Furthermore, another mapping technique is required to assess the effectiveness of 
mapping utility in Patran. 
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Coarse Mesh 
Figure 5.55. The Coarse Fluid Mesh Created on the Fine Fluid Mesh and Fine Fluid Surface Mesh Imported into Patran 
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Fi gure 5.56.a . Heat Transfer Coeffic ient Mapped on the Coo lant Interface of Engine Block [W/m111' Kj 
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Figure 5.56.b. Heat Transfer Coefficient Mapped on the Coolant Interface of Engine Head [W/m1l1 ' Kj 7( ,)0, 
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Figure 5.57. Temperalllre Distribution throughout the Entire Engine Block [ K 1 
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Figure 5.58. Temperature Distribution throughout the Entire Engine Head [ K 1 
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5.3.2.6. The Sixth FE Subcase Study (Case FE_HTC6) 
In view of these observations, a new model was built as the sixth subcase using the 
UDF (User Defined Function) in Fluent, which is capable of coupling CFD and FE 
analyses. This approach was believed to help to solve this problem. The UDF for Fluent 
was released in the early summer of 2006. This UDF enables the exporting thermal data 
computed in Fl uent (CFD) into FE software by using interpolation techniques. 
Temperatures and heat transfer coefficients calcu lated on the CFD mesh are exported 
and mapped onto the FEA mesh, and can be supplied to the FEA software as a thermal 
load profile for defining the appropriate thermal boundary conditions. Mapping the 
thermal data from CFD models to FE models using this UDF was shown to be much 
faster and more accurate than the other mapping tools available in the market. This 
observation was based on the application conducted in Mercury Marine. (Fluent News, 
2006) However using this UDF is not straightforward. More detailed instructions about 
its usage can be found on Fluent' s website . The main problem is, the file containing the 
mapped results ofCFD model onto FE model is written out in the format of Abaqus fi le 
(inp file). So, it is quite complicated to import this file, required for the definition of 
coupled convection boundary condition on the coolant interface, into Patran. Different 
from the previous cases, in this subcase the elements on the coolant interface of 
structure is imported from Patran into Fluent, then CFD results are mapped onto these 
elements. However, using this UDF is quite complicated mainly due to the file format 
(inp fi le) written out by Fluent. Similar to the previous subcase, coupled convection 
boundary condition was defined on the coolant interface of structure by taking the 
variation of the coolant temperature within the fluid domain into account. 
The results obtained from this case (1 St iteration) appeared reasonable even though the 
temperature values may not be necessarily correct. The temperature results of the block 
and bead are presented in Fig.S.S9 and Fig.5.60. 
This subcase differs from the previous subcase in terms of the mapping technique used 
to map the thermal boundary conditions obtained from CFD analyses onto the coolant 
interface of the structure. In the previous subcase, Patran mapping tool was used, 
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however in this case, Fluent mapping utility was used to map the CFD results onto the 
coolant interface of structure. In both subcases, non-uniform coolant temperature and 
convection heat transfer coefficient assumptions were made for the definition of thermal 
loading on the coolant interface of structure. 
The results of these six subcases indicated that each trial conducted with more realistic 
assumptions for surface heat transfer coefficient and coolant temperature resulted in a 
more reasonable temperature distribution of the structure. In view of these observations, 
three iterations were conducted between Fluent and Patran on the basis of iterative 
approach discussed in section 3.4.2.2. In other words, the temperature results of coolant 
interface of structure obtained from FE subcase was imported into Fluent and CFD case 
was ran with the assumption of nonunifom coolant jacket wall temperature. Then, the 
surface heat transfer coefficient on the coolant jacket wall (and non-uniform coolant 
temperature distribution) obtained from Fluent case was mapped onto coolant interface 
of the structure using the UDF available in Fluent to define the thermal loading on the 
coolant interface of structure. The results of temperature distribution throughout the 
entire structure, on the coolant interface of block and head, and temperature gradients 
obtained from each iteration were compared with the aim of assessing the convergence 
rate of results. It was observed that the temperature distribution throughout the structure 
did not appear to be converging after 3 iterations (convergence rate seems to be very 
slow.) May be after 20-30 iterations, the convergence could have been achieved but 
each iteration, go back and forth between Fluent and Patran, took about 5-6 days, and so 
it was not practicable time to conduct such a large number of iterations for each case. In 
addition, it is very likely to make mistakes during the data exchange between CFD and 
FE softwares because it was carried out manually. The main difficulty arises from the 
format of file (Abaqus file) which contains the mapped results on FE mesh, written out 
by Fluent. This makes the situation very difficult. If Fluent can write out a file which 
can be directly read into Patran and then this approach can be followed but under these 
conditions it is not practical. Therefore this method was abandoned. 
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Figure 5.59. Temperature Distribution throughout the Engine Block ( I" iteration) [K] 
5.60. Temperature Distribution throughout the Engine Head ( I" iteration) [K) 
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5.3.3. Concluding Remarks 
Correct application of the thermal loads is one of the requirements to achieve a reliable 
analysis of the problem. However, in the cases conducted, thermal boundary conditions 
were defined on the basis of some assumptions which may affect the accuracy of the 
results. Cases considered are quarter engine model, half engine model and entire engine 
model. All the case studies carried out in this chapter are summarized in Tables 5.3 and 
5.4 which are given in section 5.3. 
When the thermal loading on the coolant interface of the structure is defined using the 
heat flux boundary conditions, the temperature distribution in some local areas turn out 
to be unrealistic. This could be due to inaccurate heat flux distribution that arises from 
the uniform wall temperature assumption made in CFO analysis. the errors in the results 
may also arise due to the errors associated with mapping procedure used for the 
definition of thermal loading on the structure - coolant interface. 
The results obtained from these case studies indicated the sensitivity of temperature 
distribution to heat flux distribution defined on the coolant interface of structure, 
especially in local areas. 
Further models were built with different convection boundary conditions on the coolant 
interface of structure rather than heat flux. The results of temperature distribution 
obtained from those analyses appeared to be much more reasonable when compared 
with the previous cases even though the temperature values may not be necessarily 
accurate. One of the most obvious reasons for this is the definition of thermal loading 
on the coolant interface of the structure. The values assumed for heat transfer 
coefficient used for the definition of the convection boundary condition are 
approximations, because they were obtained from the CFO analysis which was carried 
out with the assumption of uniform wall temperature on the cooling jacket surface. 
Furthermore a uniform temperature was assumed for the coolant within the jacket in FE 
analyses. In reality, both heat transfer coefficient and coolant temperature fields are 
non-uniform on the surface and within the coolant domain. However, it was shown that 
(in case FE_HTC4) the surface heat transfer coefficient are not highly dependent on the 
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wall temperature, so the heat transfer coefficient distribution obtained from the CFD 
analyses with the uniform wall temperature can be considered to be adequately accurate. 
The main cause of inaccurate temperature is the assumption of constant coo lant 
temperature assumption used in some of the cases. The uniform coolant temperature 
approach is followed by many companies due to simplification purposes . Also, the 
errors in the results may arise due to the errors associated with the mapping procedure 
used for the definition of thermal loading on structure - coolant interface. It can be 
concluded from these six subcases that, each trial conducted with progressively more 
realistic assumptions resu lted in with more reasonable temperature distribution . 
The case studies conducted with the quarter or half size engine models gave comparable 
results to the entire engine model. However, the analyses conducted with quarter or half 
size models are confined to the temperature distribution of the particular regions of the 
engine considered. 
It can be concluded that using the approach of manual coupling between Fluent and 
Nastran to conduct the analyses did not work effectively, main ly due to complexity of 
problem and incompatibility of CFD and FE software. So an alternative approach was 
required, such as coupling software which automatically exchanges the data between 
CFD and FE analyses. Commercially available software MpCC]® enables the exchange 
of any kind of data between the meshes of two or more simulation codes in the coupling 
region. Since the meshes belonging to different simulation codes are not compatible in 
general, MpCC[® performs an interpolation. For the engine case only thermal data 
exchange is necessary, in other words thermal coupling between the fluid and structure. 
MpCC[® exchanges data automatically on the fluid - structure interface while both 
analyses are being run. It transfers the heat flux data on the interface from CFD 
software to FE software and feeds back to temperature data On the interface from FE 
software to CFD software. In other words it does the thermal coupling automatically 
rather than manually. However, since MpCC~ is not compatible with Nastran and 
university does not have a license, this approach which is an effective way of coupling 
could not be tried . An alternative way of coupling is required which is using the 
conjugate approach. This approach is discussed in the next chapter. 
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CHAPTER 6 
THE APPLlCA nON OF CONJUGATE APPROACH TO 
THE THERMAL ANALYSIS OF THE DIESEL ENGINE 
6.1. Introduction 
An alternative approach to carry out a thermal analysis of engine is to use conjugate 
approach in CFD software. In this chapter, the conjugate analysis carried out for the 
thermal analysis of the engine will be discussed. Also, a check study wi ll be carried out 
in Nastran to assess the resu lts obtained from the conjugate case against Nastran results. 
All the case studies carried out in thi s chapter are summarized in Tab les 6.1 and 6.2 . 
6.2. Coupling of CFD Analysis of Coolant Jacket with FE Thermal 
Analysis of Engine using Conjugate Approach 
Since the beginning of this project it was surmised that the best way of performing the 
thermal analyses of engine is to use conjugate approach which Fluent is capable of 
modelling. The benefit of conjugate analysis is that it enables the user to solve the metal 
temperatures simultaneously with the coolant fl ow. But due to the size of the model, the 
limitations of Fluent 6.2.16, the computer and the operating system, this approach was 
not feasible in the beginning, so it was not attempted. Because Fluent was at its limit 
handling fluid domain itself and there was no way for Fluent to handle the structure and 
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fluid domain together. However, with the release of the beta version of Fluent 6.3 in 
early summer of 2006, it became possible to carry out conjugate analyses for large 
models. The latest version is compatible with Windows 64 bit operating system and is 
capable of using more than 2 GB memory unlike the old version. In the conjugate 
analyses both fluid domain and structure domain are imported into Fluent. Then as 
explained in Chapters 3 and 4, all boundary conditions required for CFO case are 
defined on the fluid domain and for the FE case they are defined on the structure 
domain but the loading on the coolant - structure interface. Fluent has a special utility 
called "grid interface" which is used to couple two different domains on the interface 
with either congruent mesh or non-congruent mesh on the interface. In this case, this 
utility was used to couple the fluid - structure domain on the interface. So no boundary 
condition needs to be defined on the coolant - structure interface other than this 
interface definition . The heat transfer calculations on the interface are carried out 
automatically by Fluent using an iterative approach . Also, this utility was used to join 
solid - solid components with non-conformal mesh on the interface, such as block -
bedplate, block - gasket, gasket - head and valve seats - head. However this facility has 
some limitations which are discussed in the following paragraph. 
In order to compute the flux across the non-con formal boundary, the grid interface 
utility allows Fluent first to compute the intersection between the interface zones that 
comprise the boundary. The resulting intersection produces an interior zone where two 
interface zones overlap. The grid interface can be of any shape (like a non-planar 
surface of coolant jacket), provided that two interface boundaries are based on the same 
geometry and there is no significant difference between the elements sizes on each side. 
I f there are sharp features (e.g. 90 degree angles) or curvature in the mesh, it is 
especially important that both sides of interface closely follow that feature. Another 
requirement for the definition of grid interface is, a face zone cannot share a non-
conforrnal interface with more than one other face zone. For example, for engine case it 
is not possible to couple the walls of coolant jacket domain (one zone) with the coolant 
interface of head and block (two separate zones). Therefore before the structure and 
fluid domain were imported from Hyperrnesh into TGrid, the coolant jacket interface of 
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the block and head were collected under different groups. Also walls of the block 
coolant jacket and head coolant jacket were grouped under different groups. After 
importing the models, the coupled grid interface was defined between the cooLant 
interface of block and walls of block coolant jacket, and another coupled grid interface 
was defined between the coolant interface of head and walls of head coolant jacket. 
Another important point while specif'ying the grid interface is, smaller interface zone is 
selected as interface zone I to improve the accuracy of intersection. Coupled option for 
the definition of grid interface is selected if the interface lies between a solid zone and a 
fluid zone, otherwise this option is not enabled, e.g. solid - solid interface. 
Also before running the case, grid check should be carried out to make sure that nothing 
is wrong with the mesh. Fluent has a special tool for this check. Volume statistics 
reported by Fluent for the grid check include minimum, maximum and total cell volume 
in m3. A negative value for the minimum volume indicates that one or more cells have 
improper connectivity. Also, the face handedness for each zone is checked. The zone 
should contain all right-handed faces. Usually a grid with negative volumes will also 
have left-handed faces. 
6.2.1. The Thermal Analysis of a Simple Model with Conformal Mesh on the 
Interface Using Conjugate Approach (Case Simp.Conj.l & Case 
Simp.FE_Checkl) 
Initially the conjugate approach is tested with a simple model, because it is always a 
good practice to try it out on a simple model and get the methodology working before 
trying it out on a complex model. Once the methodology is proven to be working, then 
the new approach could be used on a complex model. In view of this, a new case was 
built with a simple model and run with the purpose of assessing the effectiveness of 
coupling approach (conjugate approach), before the actual analysis was attempted. The 
model built for this case can be seen in Fig.6.1 and Fig.6.2 . (Case Simp.Conj.l) This 
model simply represents a cylinder of an engine. The structure domain can be seen in 
Fig.6.1. The channels within the model in which fluid flows are similar to the coolant 
jacket of an engine. The fluid domain is shown in Fig.6.2. 
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lnitially the fluid and structure domain were meshed with the same size of tetrahedral 
elements, and it was made sure that mesh on the interface was congruent. Hypermesh 
and TGrid were utilized for meshing the models. Then the fluid and structure domain 
were imported into Fluent. After defining the fluid and structure material properties, the 
inlet and outlet boundary conditions were defmed for the fluid domain . Velocity inlet 
was defined as an inlet boundary condition with a velocity of 2 rnIs and temperature of 
350K. Outflow was defined as outlet boundary condition. For the structure, the thermal 
load on the gas side was defined as convection boundary condition. The reason why 
convection boundary was defined on the gas side rather than heat flux is to achieve a 
temperature control within the model and avoid the presence of singularity in 
conductance matrix. The values of heat transfer coefficient and gas temperature were 
assumed as 5000 W/m2K and 500K respectively. Then the mesh was checked to make 
sure that there were no any left handed faces. Afterwards, interface was defmed on the 
fluid - structure interface and the case was run successfully. The solution converged 
without any difficulties. The temperature results obtained from this case can be seen in 
Fig.6.4 .a and Fig.6.S.a. Overall mass, momentum, energy and scalar balances were 
checked using the Flux Reports panel in Fluent. The net imbalance of heat rate seemed 
to be acceptable which was less than 0.2% of the net flux through the domain. 
The next stage was to build the FE model of structure in Patran using the heat flux 
results obtained from the conjugate case as a thermal loading on the coolant interface of 
structure (Case Simp.FE_Checkl). The FE modelling was undertaken with the purpose 
of assessing the effectiveness of conjugate approach by comparing the results obtained 
from Nastran with the Fluent conjugate case. lnitially the FE model of solid domain was 
imported into Patran and then all the steps explained in Chapter 4 required to build FE 
model of structure were conducted for this simple model, such as definition of material 
properties, thermal boundary conditions etc. Afterwards, to define the thermal loading 
on the coolant interface of structure, heat flux results on the surface of coolant jacket 
obtained from Fluent were imported into Patran (see Fig.6.3.a) . The ways the CFD 
results are imported into FE software and applied on the coolant interface were 
explained in detail in section 4.2.1.3. The thermal load applied on the coolant interface 
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can be seen in Fig.6.3 .b. Then the bdf file was written out by Patran and the job was run 
successfully by Nastran / Thermal. The temperature results of the structure obtained 
from Nastran are depicted in Fig.6.4.b and in Fig.6.5.b. As it can be seen from Fig.6.4 
and Fig.6.5 , the temperature distribution results obtained from Nastran case are in good 
agreement with the results obtained from conjugate case run in Fluent. One of the main 
reasons why the temperature distribution from these two cases are not exactly the same 
is that two different numerical methods are used by FE and CFD software. Finite 
element technique is used by Nastran, whereas finite volume technique is used by 
Fluent. The results obtained from FE and CFO cases depicted that the conjugate 
approach seems to be working effectively for the coupling of fluid and structure domain 
when the mesh on the interface is congruent. 
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l Figure 6.I .a. The FE Model of Structure 
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l 
Figure 6. I.b. The Coo lant Interface and Gas Side of 
Structure (Congruent Mesh) 
Figure 6.2. CFD Model or lhe Fluid Domain (Coolant Jacket) 
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6.2.2. The Thermal Analysis of an Engine with Non-Conformal Mesh on the 
Interface Using Conjugate Approach (Case Eng.Conj.l) 
Now that the conjugate method is proven to work, this approach can be used with the 
entire engine model. The mesh on the structure - coolant interface for the engine model 
is non-conformal, unlike the simple case because different element sizes were used to 
mesh the structure and fluid domains. The mesh of fluid domain is finer than structure 
domain. Also the geometry of two interface boundaries is not exactly the same which 
may cause problems in the definition of grid interface in Fluent. Hypermesh and TGrid 
were utilized for meshing the models. The fluid model and structure model were 
meshed separately. The mesh of structure domain is coarser than the mesh of fluid 
domain . Since the Hypermesh file (HSCAIJ file) could not be imported into Fluent 
directly, first the mesh files of fluid and engine structure were imported into TGrid 
individually, then saved in the format of a TGrid file ( a file with an extension of msh) 
to be able to import them into Fluent. Then the fluid and structure domain were 
imported into Fluent. 
In itially, the fluid and solid models were scaled then the grid check was carried out in 
Fluent. Afterwards, the fluid and structure material properties were defined. 
Temperature dependent viscosity definition was used for the coolant material property 
which was discussed in Chapter 3. All the steps explained in Chapter 3, which are 
required for building the CFD model, were followed for the fluid domain of this case as 
well. The coolant inlet temperature was defined as 383K. Steady state assumption was 
made for the analysis . In this analysis, segregated implicit solver was used, since the 
flow is incompressible. Turbulent mixing dominates the behaviour of flow, so k-E 
turbulent model was used. Standard wall function assumption was made for the 
turbulent model. Since this model contains both fluid and structure domain, unlike the 
CFD model discussed in Chapter 3, the grid interface was required to be defined for this 
case on the interface of coolant - structure domain rather than any wall temperature 
boundary condition on the wall of the coolant jacket. After the coupling grid interface 
was defined on the coolant - structure interface of block and head individually, the 
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mesh was checked to make sure that there was no left handed faces. Then all other 
boundary conditions, inlet and outlet boundary conditions for the fluid domain were 
defined. Also, roughness parameters of the walls were defined. 
Second part of this case was the definition of thermal loadings on the structure domain. 
The types of thermal loadings applied on the structure domain were discussed in 
Chapter 4 and all the steps required for building the FE model were followed for the 
structure domain of this case too, e.g. thermal loading on the gas side, oil side etc. were 
defined. Uniform convection boundary conditions were defined on the areas of block 
and head which are exposed to oil, on the surfaces of inlet and exhaust ports, on the 
surfaces of coolant entrance and on the surfaces of valve seat - valve contact areas . On 
the other hand, non-uniform convection boundary condition was defined on the bore 
surfaces of cylinders and non-uniform heat flux boundary condition was defined on the 
flame face of head, in other words on the valve bridges of head (see Fig.4.26 -
Fig.4.28) . However defining the non-uniform boundary condition on the gas side of 
structure is more complicated in Fluent than Patran. Fluent does not have a tool similar 
to the one in Patran which enables the user to input thermal load boundary condition 
values as a tabular data, so defining the gas side thermal load is more complicated in 
Fluent. For the definition of non-uniform gas side boundary condition on the bore 
surfaces of cylinders and flame face of head and valve seats, UDF (user defined 
function) which is quite complicated, was written to interface with Fluent. In this UDF, 
'DEFINE_PROFILE' macro was used to define a custom boundary profile that varies 
as a function of spatial coordinates. Then grid interfaces were defined on the interfaces 
of solid - solid components to join them, such as, on the interface of block - bedplate, 
block - gasket, gasket - head, valve seats - head contact area etc. The entire assembled 
model, containing both fluid and structure consists of over 6.3 million tetra elements . 
Also, heat flux variations on the coolant interface of block and head are monitored 
during running the case to make sure that the solution converges adequately. Then the 
conjugate analysis was run but the solution failed to converge. This trial for conjugate 
approach showed that when the coupling utility of Fluent was used to couple the fluid 
and structure domain of engine with non-conformal mesh on the interface, the solution 
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was struggling to converge till some stage and then it suddenly diverged. Fluent gave a 
message regarding the error which may have caused the solution to diverge. This error 
message was, the temperature of 30-40 cells out of 6.3 million cells went out of bounds, 
in other words exceeded 5000K temperature limit, which leads to divergence. The run 
was tried with di fferent numerical methods, schemes and residual va lues since the 
res idual defin itions that are useful for one class of problem are sometimes not suitable 
for other c lasses of problems, but the so lution still did fa il to converge. There could be 
two reasons that may have caused this divergence problem: either the conjugate 
approach does not work when the mesh on the interface is non-confo rrnal or due to the 
complexity of the model something is going wrong with the coupling calculations 
with in the software. In view of this, the coupling approach was tested with the simple 
model again to identi fy the causes of this divergence and to assess the effectiveness of 
this approach, but this time the simple model was built with the non-confo rrnal mesh on 
the coolant - structure interface unlike the first case of simple model. 
6.2.3. The Thermal Analysis of a Simple Model with Non-Conformal Mesh 
on the Interface Using Conjugate Approach (Case Simp.Conj.2 & Case 
Simp.FE_Check2) 
For the simple model case, the fluid and structure domain were meshed with d ifferent 
sizes of tetrahedral e lements so the mesh on the interface is non-con formal (Case 
Simp.Conj .2). Fig.6.6 shows the FE model of the simple structure. The mesh of the 
structure is coarser than the mesh of fluid domain . Then the fluid and structure domain 
were imported into Fluent. The steps required to build the model which was explained 
for the first case were fo llowed for this conjugate case and the case was run 
successfully. The solution converged without any problem. Overall mass, momentum, 
energy and scalar balances were checked using the Flux Reports panel in Fluent. The 
net imbalance seemed to be reasonable which was less than 0.2% of the net flux through 
the domain. The temperature results obtained from this case can be seen in Fig.6. 8.a and 
Fig.6.9.a. Even though the mesh on the interface is non-congruent, the solution was able 
to converge for this case unlike the complex engine case. So the question arises at this 
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stage is, even though nothing seems to be wrong with the noncongruency of the mesh 
on interface, then why did the solution of engine model not converge. The only 
explanation could be the complexity of the engine model may cause some problems 
within the computations. But it is not known whether accurate answers were obtained 
from the conjugate case of simple model when the mesh on the interface are non-
congruent. In order to assess the accuracy of results, the FE model of structure is built in 
Patran using the heat flux results obtained from the conjugate case to define the thermal 
loading on the coolant interface of the engine structure (Case Simp.FE_Check2). This is 
done with the purpose of assessing the effectiveness of conjugate approach by 
comparing the results obtained from Nastran with Fluent. Initially the structure domain 
was imported into Patran. Then all the steps explained in Chapter 4 required to build FE 
model of structure were conducted, such as the definit ion of the material properties and 
thermal boundary conditions. Afterwards, to define the thermal loading on the coolant 
interface of the structure, the heat flux results on the surface of coolant jacket obtained 
from Fluent were imported into Patran. The contours of heat flux on the imported fluid 
domain surface can be seen in Fig.6.7. The ways how the CFD results are imported into 
the FE software and applied on the coolant interface have been explained in detail in 
section 4.2. 1.3 . Then the bdf fil e was written out by Patran and the job was run 
successfully by Nastran / Thermal. The temperature results of structure obtained from 
Nastran are presented in Fig.6.8.b and Fig.6.9.b. 
The results are shown in Fig.6.8 and Fig.6.9 . It can be seen that there are slight 
differences in temperature distribution results when compared with the conjugate case 
run in Fluent. So these results depicted that either the conjugate approach does not work 
effectively for the coupling of the fluid and the structure domain for this case or the 
mapping of heat flux on the coo lant interface of the structure fails in Patran. The 
questions ari sing from the results of the test cases at this stage are that does the 
noncongruency of the mesh on the interface cause this problem or is there something 
wrong with the methodology used for coupling approach. 
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Figure 6.6.a. The FE Model of Structure (Coa rse Mesh) Figure 6.6.b . The Coo lanllnterface of Struclure (Non-Congruent Mesh) 
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6.2.4. The Thermal Analysis of an Engine with Conformal Mesh on the 
Interface Using Conjugate Approach (Case Eng.Conj.2) 
Here, another conjugate case for the engine model is tried but this time a congruent 
mesh is used on the interface. However, since the geometry of the interface on the 3D 
model of the structure side is not exactly the same as the geometry of the 3D model of 
the coolant jacket wall, it is not poss ible to obtain congruent mesh on the interface even 
if the same size elements are used. This problem arises due to the inconsistency between 
the 3D CAD models of fluid and structure domain supplied by JCB. To be able to 
achieve congruent mesh on the interface, the meshing software should be capable of 
merging the fl uid and the structure models on the interface but due to geometric 
differences on the interface, it is not possible for th is to be carried out by the software. 
Also, meshing the engine structure with the same size of elements used to mesh the 
fluid domain results in a very large number of elements due to the large size of the 
engine model. It is impossi ble fo r the computer to handle the model with such a large 
number of elements. The other possibility is meshing the fluid domain with the same 
size of elements used to mesh the structure s ide. However if this approach is fo llowed 
then the fluid mesh will not be fine enough to reso lve the fl ow variables within the fluid 
domain adequately. There seems to be no other alternative to using the confo rmal mesh 
on the interface to work out this problem. So using the element sizes of fluid domain 
just on the coolant interface of the structure seems to be more reasonable approach even 
though it will lead to an increase in the number of elements of the engine model. So in 
view of this, the solid model was remeshed with smaller element sizes on the coo lant 
interface using Hyperrnesh. All the surface elements of tbe engine structure but the 
surface elements on the coolant interface were maintained in Hyperrnesh. Then, only 
the surface elements of the coolant jacket doamin were imported into FE model of the 
structure with the purpose of using them on the coo lant interface of the structure. Since 
the element sizes were different on the structure and the fluid domains, huge amount of 
editing was requ ired to make sure that no free edges were contained within the model 
and surface elements enclose a volume. It was not a straight forward and practical way 
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but due to the inconsistencies in the CAD models of fluid and solid domain on the 
interface, there was no alternative to obtaining conformal meshes on the interface. It 
was a long procedure but it was necessary to achieve surface elements enclosing a 
volume. In this model, the elements on the coolant interface of structure exactly 
matched with the elements on the coolant jacket wall. Then the volume mesh for solid 
domain was generated using the surface elements. In short, variable mesh density was 
employed to mesh the solid model this time. The only difference from the previous FE 
model is that fine mesh was used on the coolant interface of the structure which lead to 
a rise in the number of elements within the so lid model. Care must be taken in the 
challenging task of obtaining good quality of mesh when the variable mesh density is 
used for complex models, which was achieved for this case by putting so much effort to 
edit the surface elements. All the steps required for importing the model from 
Hypermesh into TGrid were carried out as explained in Chapter 4. Then, as explained 
for the conjugate case of the engine model with non-congruent mesh on the interface at 
the beginning of this chapter, the FE model of the structure and fluid domain were 
imported into Fluent and then all necessary boundary conditions were defined. Also the 
grid interface was defined on the coolant interface of the block and head individually, 
the same steps were followed for the model on which the mesh was non-congruent on 
the coolant interface of the structure. Then conjugate analysis was run and the solution 
did converge this time. The model used for conjugate analyses, including the structure 
and fluid domain, contains over 6.3 million tetra elements and running the case takes 
about 2 weeks. The number of elements used in the analysis is almost the maximum 
number of elements that the computer could handle. It seems not possible for the 
computer to handle even a slightly fmer mesh. The temperature distribution results 
within the engine model obtained from the conjugate case can be seen in Fig.6.23, 
Fig.6.3l - Fig.6.33, Fig.6.37 and Fig.6.38 for the block and in Fig.6.26 - Fig.6.27, 
Fig.6.34 - Fig.6.35 and Fig.6.39 - Fig.6.40 for the head. The heat flux distribution on 
the coolant interface of block and head can be seen in Fig.6.24 and Fig.6.28 
respectively . The results of the fluid and structure domain are discussed in section 6.2.5. 
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The solution algorithm used for this case was node based and double precision solver 
was used to minimize the possibility of occurrence of round off errors during the 
solution stage. The under relaxation factors used are shown in Table 6.3. 
Table 6.3. Under-relaxation factors 
Pressure 0.3 
Density 0.9 
Body Forces 1.0 
Momentum 0.5 
Turbulent Kinetic Energy 0.5 
Turbulent Dissipation Rate 0.6 
Turbulent Viscosity 0.7 
Energy 0.8 
It should be noted that obtaining converged solution (based on residual levels) does not 
mean that the results are accurate. At convergence all discrete conservation equations 
must be obeyed in all cells to a specified tolerance. However, there are no universal 
metries for judging convergence and the unconverged results are very misleading. 
Therefore, it is a good idea to judge convergence not only by examining residual levels, 
but also by monitoring relevant integrated quantities and checking for mass and energy 
balances. 
There are mainly three methods to check the convergence 
a. Monitoring the residuals. The solution convergences when the convergence 
criterion for each variable reaches . The default criterion is that each residual will 
be reduced to a value less than IxIO" , except the energy residual, for which the 
default criterion is I xl 0-6. This criterion is useful for wide range of problems, 
but sometimes it may be required to tighten this criterion, based on the validity 
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of other convergence checks as it was done in this case. 9xlO-7 was used as 
energy residual for this case. 
b. Sometimes the residuals may not fall below the convergence criterion set in the 
case setup and the solution no longer changes with iterations. Under these 
circumstances it is a good idea to monitor representative flow variables through 
iterations in at least one selected point in a sensitive area to see if the region has 
reached the convergence and this may show that residuals have stagnated and do 
not change with further iterations. This could also be considered as convergence 
but it should be noted that this alone is insufficient as a criterion for convergence 
as the solution may be "stuck" far from convergence but appear converged if the 
solution variables are not changing_ For the engine case something similar to 
this has happened. Energy residual appeared not to fall below 9xI0-7, hence the 
variation of heat flux on the coolant interface of the block and head structure 
were monitored to have a good idea about the convergence of the solution. It 
appeared that the heat flux on the interface was not changing with further 
iterations after 2000 iterations. 
c. The convergence must always be checked on global balances (conservation of 
mass, momentum and energy). Overall mass flow rate, momentum, energy and 
scalar balances were checked using the Flux Reports panel. The net imbalance 
should be less than 0.2% of the net flux through the domain. The net imbalance 
of mass flow rate and heat rate was found as 0.0001590457 kg/s and 140.86042 
W respectively. The total heat transfer rate on the coolant jacket wall was 
calculated as -61865.35 Wand the total heat transfer rate on the surfaces of 
engine structure where the thermal loading was applied was calculated as 
9109.744 Wand 26654.58 W for the head and valve seat flame face, and the 
cylinder bore surfaces respectively (further details are shown in Table 6.5). 
All the conditions mentioned above were satisfied but it does not mean that the results 
obtained from this case are accurate. There are many sources of errors and uncertainties 
which may lead to inaccurate results. It is the user' s final responsibility to assess the 
accuracy of the results obtained from the analysis to confirm that the model has been 
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built correctly and to verify that the results are reasonable. The majority of the checks 
on the model construction and loading can be carried out visually in the pre and post 
processing stage. 
The best way of validating the model is to carry out experimental studies and compare 
the results to assess the accuracy of the model. The results obtained from this case were 
compared with the results of Ricardo, which are also numerical simulations but carried 
out completely independent of the current research, and the results showed reasonable 
agreement. In the absence of experimental data, convergence study should be carried 
out if it is possible but conducting this study for very large and complex 3D so lid 
models is not feasible, because it requires a large amount of man time and computation 
time which is not sensible to do. For this case, due to the computer's power constraints 
there was no way of carrying out a convergence study by building the model with 
different mesh densities. Normally what needs to be done at this stage is to assess the 
sensitivity of results to the mesh refinement level of the model to judge the accuracy of 
the results. The results must be grid independent. Either the entire model needs to be 
meshed with the smaller element sizes or only the regions with high gradients need to 
be meshed with smaller element sizes. The former one is attractive from the point of 
view of generating mesh but it is not efficient and wasteful of resources, and it will lead 
to a significant increase in terms o f computation cost. The latter approach with variable 
mesh density is more attractive in terms of cost however using a variable mesh density 
can have a detrimental effect on the mesh because it often causes greater distortion of 
elements. Also, employing variable mesh density can be difficult for such a complicated 
model if the care is taken for the minimization of element distortion. With the available 
computer resources, it is not possible to conduct neither of them. So there was no other 
way than relying on the steps carried out to check the convergence in Fluent which was 
discussed in the previous paragraph. In general terms, the uncertainties and errors in 
CFD results were discussed in detail in section 3.4.3 . 
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6.2.4.1. FE Check Case Study for the Engine Structure with Non-Conformal Mesh 
(Case Eng.FE_Checkl) 
As another step, a check study for entire engine is carried out similar to the one which 
was carried out for the simple model with the purpose of assessing the resul ts obtained 
fro m Fluent against Nastran. Thi s study was discussed earlier in this chapter. Initially 
the FE model of engine at which the mesh on the coolant interface is non-congruent is 
used to see whether the same resul ts can be obtained with the conj ugate case of Fluent 
or not. As it is recalled from the case studies conducted in section 5.3. 1.1 - section 
5.3 . 1.3 that when the thermal loading on the coolant interface of structure was defined 
as heat flux boundary condition either with the uniform assumption or non-uniform 
assumption obtained fro m Fluent, the temperature di stri bution turned out to be 
uninte ll igible in some local areas within the engine. In thi s case the only di fference is, 
the heat flux results on the coo lant jacket wall obtained from the conj ugate Fluent case 
is used to define the thermal loading on the coo lant interface of structure. 
The possible causes of the inaccurate temperature results occurred within the engine 
block were discussed in section 5.3 . l.l - section 5.3. 1.3. The conclusions made from 
the results of these case studies are e ither the temperature results are very sensitive to 
the heat flux loading applied on the coo lant interface of structure or Patran is not 
capab le of mapping the heat flux resul ts imported from Fluent on the structure elements 
correctly. At th is stage, the heat fl ux results on the coolant j acket wa ll obtained fro m the 
conjugate case should be suffic iently accurate. Hence, these results were used to build 
the FE model of the entire engine. This FE case study was carried out with the aim of 
comparing the temperature field throughout the engine with the results obtained from 
Fluent conjugate case. However, it should be noted that the FE model of structure used 
in the conjugate Fluent case is different than the one in Patran . As it can be recalled, for 
the conjugate case the surface elements of coolant jacket wall were used on the coolant 
interface of the engi ne model to mesh the engine model, which leads to a much finer 
mesh on the coolant interface and a significant increase in the number of elements. 
Therefore, it is not expected to obtain the same temperature distribution with the 
conjugate case but at least similar temperature results are expected. 
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The way how the FE model was built by defining heat flux loading on the coolant 
interface was explained in detail in sections 5.3.1.1 - 5.3.1.3. The only difference here 
is, this time the heat flux results on the coolant jacket wall obtained from the conjugate 
analysis are used to define the thermal loading on the coolant interface. Therefore, as a 
first step the thermal loading defined on the coolant interface of old model, the FEM 
field, the coolant jacket and the associated heat flux results were deleted from the old 
FE model of engine in Patran. Then as explained in section 5.3.1.1 , the coolant jacket 
with the associated heat flux results obtained from the conjugate case were imported 
into Patran. The heat flux distribution obtained on the coolant interface of the block and 
head from Fluent can be seen in Fig.6.1 O. The negative heat flux values in the figure 
means the heat removal from the coolant interface of the structure. Then a continuous 
FEM field was created and the thermal loading on the coolant interface of structure was 
defined using this continuous FEM field . This was discussed in detail in sections 5.3 .1.1 
- 5.3.1.3. Then the bdf file was written out by Patran. Then the job was run successfully 
using Nastran I Thermal as the solver. 
The temperature results of the block and head obtained from Nastran are presented in 
Fig.6.11 - Fig.6.14. The regions within the block whose temperature distribution is 
higher than 400K, 420K and 440K are highlighted in Fig.6.12. The regions within the 
head whose temperature distribution is higher than 450K, SOOK, SSOK, 600K and 650K 
are highlighted in Fig.6.14. The temperature results of the entire engine model presented 
in Fig.6.11 - Fig.6.14 showed that comparable results with Fluent conjugate case were 
obtained and unlike the old FE case, temperature distribution did not turn out to be 
unintelligible values in some local areas of the engine. The minimum temperature 
occurred within the model is about 381 K which is reasonable as anticipated. The results 
obtained from the Fluent conjugate case can be seen in Fig.6.23 - Fig.6AO. As indicated 
earlier, applying the thermal loads correctly is one of the requirements to achieve a 
reliable analysis of the problem. The results obtained from this case study showed that 
the temperature distribution of the structure is highly sensitive to the accurate definition 
of heat flux distribution on the coolant interface. If accurate heat flux distribution is 
used to define the thermal loading on the coolant interface, then reasonable temperature 
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results can be obtained. The same comment was made earlier in view of the results 
obtained from the cases which were run with heat flux loading on the coolant interface 
in the discussion part of section 5.3.1.3. Slight differences between the results of the 
conjugate case and this case were expected. These differences may have arisen due to 
the different mesh refinement level of the engine structure or due to incorrect mapping 
of the heat flux results on the structural elements. But it can be concluded that the 
mapping utility of Patran is working well. Also, the total heat transfer rate on the 
coolant interface of the structure was calculated as 61.24 kW by Nastran which is 
consistent with the calculation of Fluent which was 61.87 kW. Furthermore, the total 
heat transfer rate on the bore surfaces of cylinder and on the flame face of head (valve 
bridges) were computed as 26.855 kW and 9.21 kW respectively by Nastran . Similar 
values were calculated by Fluent which are 26.654 kW and 9.110 kW respectively. 
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Figure 6. 11 . Temperature Distribution throughout the Engine Block [ K 1 (Nastran) 
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6.2.4.2. FE Check Case Study for the Engine Structure with Con formal Mesh 
(Case Eng.FE_Check2) 
For another case study, a new FE model of the engine structure was built in Patran with 
the purpose of assessing effects of mesh congruency on the coolant interface of 
structure on the results by comparing the results with the results of conjugate case. 
Con formal mesh on the interface was used in this model as it was used in the conjugate 
case. The coolant side boundary condition of the structure was defined using the heat 
flux data obtained from Fluent conjugate case. However, Patran was not able to handle 
the assembled engine model in one file due to the large number of elements within the 
entire model. Unlike the former FE model at which the engine components were 
imported into one database file and assembled, in this case each FE model of engine 
component such as the FE model of head, block and bedplate were built individually 
and imported into different Patran database files (db files). The steps required to build 
the FE model of each component were explained in Chapter 4 and the applications of 
the FE cases were discussed in the second part of this chapter. Mainly three database 
files were created. One for the FE model of the block, one for the FE model of head, 
gasket and valve seats, and one for the FE model of the bedplate. Also two small 
database files were created for modelling the block and gasket assembly, and block and 
bed plate assembly. The database file for block and gasket assembly contains only the 
gasket elements and the elements of the top face of the block. The other one contains 
the elements of the top face of bedplate and the elements of the bottom face of block. 
The way the components were assembled was explained in section 4.2.2.2 in detail. The 
coupled convection boundary condition was defmed between elements of each 
component on the interface. A total of five database files were created. 
The steps followed to build the FE model of the head are as follows: initially a new 
database file ofPatran was created. Then for the FE model of the head, initially the head 
coolant jacket model which contains only the fluid surface elements was imported from 
Fluent into new database (db) file ofPatran together with the associated heat flux results 
of the conjugate case. The coolant jacket must be imported before importing the FE 
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model of structure components. The main reason for this is that the ID numbering of the 
imported coolant jacket's nodes and elements are extremely important for the heat flux 
results to be imported correctly into Patran. The importance of numbering was 
discussed in detail in section 4.2.1.3. Before importing the model a new group was 
created in Patran, and all elements and nodes of the head jacket were gathered under 
this particular group after importing the model. Before importing the results, ID 
numbers of the nodes and elements of the head and block jacket were checked 
individually to make sure that they were numbered correctly. The imported coolant 
jacket model of head contains 83173 nodes and 165291 surface elements, whose ID 
numbers are from 1 to 165291. After the result file was imported, the contours of the 
heat flux on the wall of the head coolant jacket was plotted to ensure that comparable 
heat fluxes with Fluent were achieved. The contours of heat flux on the imported 
coolant jacket wall can be seen in Fig.6. 15. However to be able to use this data, a 
continuous spatial FEM field needs to be created using the contour of the heat flux 
plotted . The detailed information about continuous FEM field and how to create it was 
given in section 4.2.1.3. The next step is to import the FE model of head, valve seats 
and gasket into Patran as explained in section 4.2 .1.1 and section 4.2 .1 .2 (see Fig.4. 15 -
Fig.4.1 7, Fig.4.21) . Each component was gathered under a different group. Then the 
material properties were defined and element properties were specified for each 
component. The next step is the selection of correct tetra element faces on which the 
coolant side loading is applied . However, due to the very large number of elements 
contained on the coolant interface of head structure, this boundary condition could not 
be applied in one step, because the computer was not able to handle that large number 
of elements and it ran out of memory and crashed. Therefore it would be more sensible 
for the results to be mapped over smaller parts of the model rather doing it in one go . In 
view of this, the group consisting of the head coolant jacket elements was split into two 
sections from the middle. Then two Continuous FEM fields were created using the plot 
contours of the heat flux distribution on the divided parts of the head coo lant jacket. 
These fields are required for the definition of the heat flux boundary condition (BC) on 
the coolant interface of the head . The method followed for the selection of correct tetra 
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elements' faces on which the coolant side loading is applied was discussed in section 
4.2.1.2. Following these steps, heat flux boundary condition representing the coolant 
side thermal loading, was created on the head coolant jacket's surfaces using the option 
of the element variable rather than element uniform. Using the element variable is more 
accurate assumption than element uniform which assumes that each element has a 
uniform applied heat. Then, the contours of heat flux boundary condition on the coo lant 
interface of the head structure was plotted to verify that the heat flux results were 
mapped correctly. Fig.6. 16 shows the heat flux loading mapped on the coolant interface 
of head . The range of contours seems reasonable and also the heat flux data appeared to 
be mapped correctly. Then all other thermal loading boundary conditions were defined 
on the head, valve seats and gasket model as explained in Chapter 4. Then the FE input 
deck file (bdf file) was written out by Patran. This bdf file contains all the information 
about the FE model of the head, gasket and valve seats; the coordinate of nodes, 
elements' types and connectivity, material properties, boundary conditions etc. 
Then the same steps were followed to build the FE model of the block. Since the 
surface of the coolant interface of the block is larger than the coo lant interface of the 
head, the imported coolant jacket of the block was divided into four parts and four 
continuous FEM fields were created using the heat flux results imported from the 
Fluent conjugate case into Patran. Then using these fields, the thermal loading on the 
coolant interface of the block was applied in four steps. The heat flux load applied on 
the coolant interface of block can be seen in Fig.6. 16. After defining all other thermal 
loadings on the block, the bdf file was written out by Patran. However the care should 
be taken with the ID numbering of some CONY, PCONY,CHBDYG, MA T4 cards 
contained in the bdf file because the same ID numbers could be used in the bdf file of 
head as well and this will cause a problem when those files are combined. Therefore, ID 
numbers of some cards need offsetting, like ID numbers of PCONY, CONY, CHBDYG 
cards, which is not possible to do in Patran. So, a simple program was written in 
MatLab and their values were offset appropriately before combining the bdf files. Care 
must also be taken in numbering of those cards, because a small mistake can result in 
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errors while the job is being run by Nastran and since the size of the file is very large it 
is very difficult to identify where the mistake was made. 
Then, the same steps were followed to build the FE model of bed plate and another bdf 
file was written out by Patran. Finally another two bdf files were written out from the 
database files modelling the assembly of the block and bedplate, and block and gasket 
by Patran. Also in those bdf files, ID numbers of some cards need offsetting as well and 
those values were offset using the program written in Matlab. A total of five bdf files 
were produced. After ensuring that ID numbers of all cards in bdf files were properly 
numbered, they were combined and a single bdf file was created. The size of the file is 
about 500 MB. Since the size of file was very large, the notepad and wordpad are not 
capable of opening those files, so a commercially available text editor called Ultraedit® 
was utilised to edit these large bdf files. Then the job was submitted into Nastran / 
Thermal and ran successfully. The temperature distribution results within the block and 
head can be seen in Fig.6.17 - Fig.6.22. The temperature distribution on the bore 
surfaces of cylinders are given in Fig.6. l8. As it can be seen from Fig.6. l8, the highest 
temperatures within the block occurs on the interbore regions towards the top deck of 
cylinders. Since, the upper regions of bore surfaces are exposed to high temperature and 
pressure gases due to the piston movement than the lower regions. The temperature 
distribution on the coolant interface of the block can be seen in Fig.6. l9. The regions 
with the highest temperature values on the coolant interface are highlighted in Fig.6.l9. 
Also, Fig.6.20 presents the temperature distribution on the surfaces of coolant entrance, 
block - gasket interface and the surfaces which are exposed to oil. The contours of 
temperature distribution throughout the engine head can be seen in Fig.6.21. The 
highest temperature turned out to occur on the exhaust - exhaust valve bridges of 
cylinder head, since these regions are exposed to very high temperature combustion and 
exhaust gases. The temperature field on the coolant interface of head can be seen in 
Fig.6.21. The most thermally critical locations are highlighted in Fig.6.21. The region 
with the highest temperature values on the coolant interface is highlighted in Fig.6.21 . 
Also Fig.6.22 presents the temperature field on surfaces of inlet and exhaust ports, the 
head - gasket interface and the surfaces which are exposed to oil. As can be seen from 
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this figure, high temperature levels OCcur on the exhaust port surfaces because these 
surfaces are exposed very high temperature exhaust gases. The results obtained from 
this FE case showed that comparable results were achieved with Fluent conjugate case 
(Fig.6.23 - Fig.6.40). This indicates the significance of applying correct heat flux load 
for the definition of thermal loadings. The results obtained from this case showed that 
when the correct heat flux load is applied on the coolant interface of the block and when 
the mesh is congruent on the fluid - structure interface, more accurate results could be 
obtained from Nastran. 
The results of temperature field within the engine structure obtained from this case are 
compared with the results of the Fluent conjugate case and discussed in detail in the 
following section. 
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6.2.5. The Results of the Engine Structure Obtained from the Conjugate 
Case 
The temperature distribution results within the engine model obtained from the 
conjugate case can be seen in Fig.6.23, Fig.6.31 - Fig.6.33 and Fig.6.37 - Fig.6.38 for 
the block and Fig.6.26 - Fig.6.27, and Fig.6.39 - Fig.6.40 for the head. 
The temperature results on the coolant interface of the block and head can be seen in 
Fig.6.23 and Fig.6.26 respectively. The most thermally critical region is highlighted in 
Fig.6.23. As it can be seen in Fig.6.26, the highest temperatures occur around the 
regions of exhaust - inlet valve bridges of cylinder 3 and cylinder 4. Then, the heat flux 
field s around the regions of the block and head coolant interface where highest 
temperature occurs were examined. Fig.6.24 and Fig.6.28 - Fig.6.30 show the heat flux 
distribution on the coolant interface of block and head respectively. As it can be seen in 
Fig.6.28 and Fig.6.29, the heat flux values on the regions where high temperature 
occurs e.g. exhaust - in let valve bridges of cyl inder 3 and cylinder 4, are not as high as 
the heat flux ranges occurring around the exhaust - inlet valve bridges of cylinder I and 
cylinder 2. A simi lar observation was made for the coolant interface of block at which 
the heat rejection from the regions of high temperature is not high enough when 
compared with the rest of the interface. Fig.6.25 shows the heat transfer coefficient 
distribution on the coolant interface of block which shows a similar distribution with the 
surface heat flux . Figure 6.30 also shows that the heat is not transferred on all surfaces 
of the head coolant jacket from the structure to the coolant, but at some regions of the 
head coolant jacket heat transfer occurs in the opposite direction. In addition, the 
temperature distribution on the coolant interface of the block and head were compared 
with the temperature distribution on the walls of the block and head coolant jacket to 
assess the continuity of the results on the interface. The temperature results on the walls 
of head and block coolant jacket can be seen in Fig.6.27 and Fig.6.31 respectively. 
These resu lts confirmed the continu ity of temperature distribution on the coolant -
structure interface. 
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Fig.6.32 shows the temperature distribution on the oil splash surfaces of block. The 
temperature distributions on the oil drain cores and coolant jacket entrance of block are 
presented in Fig.6.33. The temperature distribution on the inlet and exhaust port 
surfaces and on the surfaces of head which are exposed to the oil can be seen in Fig.6.34 
and Fig.6.35 respectively . 
Also the temperature distributions on the solid - solid interface were checked to make 
sure that there is no discontinuity on the interfaces . The temperature distribution on the 
block - gasket interface and head - gasket interface presented in Fig.6.36 confirmed the 
continuity on the solid - solid interfaces . 
The temperature distribution on the bore surfaces of cylinders are presented in Fig.6.37. 
Fig.6.38 shows the regions on the bore surfaces of the cylinders whose temperature 
distribution is higher than 430K and 450K. For the cylinder blocks, upper regions of the 
bore surfaces where the piston ring momentarily comes to rest at top dead center have 
been identified as the most thermally critical areas. The top areas of the bore surface is 
exposed to combustion more than the lower regions due to piston movements and hence 
exposed to high temperature gases (The main reason for the relatively high temperatures 
occurring around the mid section of bore surfaces is related with the coolant jacket 
design). In literature, it was experimentally shown that the heat flux declines with 
distance in the direction of piston movement from top to bottom stroke. Also the heat 
flux is assumed to be fairly constant between the mid stroke and the bottom stroke 
which is less critical areas based on Ricardo 's report (Daniels, 2001). High temperatures 
on the bore surface can cause a failure of oil film lubrication which is required by the 
piston ring to slide over the bore surface, leading to excessive wear of the ring and bore 
surfaces. The studies in the literature showed that approximately half of the engine 
frictional losses are due to piston bore friction which is transferred to the coolant as a 
waste heat. Also, bore surface temperature effects piston temperature since one of the 
heat loss mechanism of the piston is conduction to the bore surface via the piston rings. 
The temperature distribution on the valve bridges of the head is presented and thermally 
critical locations are highlighted in Fig.6.40. As highlighted in the figure, the highest 
temperature levels occurred around the regions of exhaust - exhaust valve bridges 
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especially exhaust - exhaust valve bridge of cylinder 3. Since the fl ame face of engine 
head is exposed to combustion gases with very high temperature, the valve bridges 
especially the exhaust - exhaust valve bridges have been identified as the most 
thermally critica l locations within the engine head. Another reason why the exhaust -
exhaust valve bridge tumed out to be the most thermally critical location is that the heat 
rejection from the exhaust valves, which are another thermally critical area, mostly rely 
on transferring heat to the valve seat during the valve closure period (approximately 
76%). Normally exhaust valve head operate at higher temperatures than the cylinder 
head. This is mainly due to the high rates of heating which occur during the exhaust 
blow down process, the low conductivity of the valve material and the long heat path to 
the coolant. Hence high instantaneous rates of heat transfer to the exhaust valve seat 
occur during the va lve closure period. Va lve bridges are also subjected to compressive 
forces at high temperatures due to thermal expansion of the valve seats wh ich is 
fo llowed by the tensile forces when the engine is switched off. This can lead to fatigue 
fai lure of the valve bridges. Due to a ll these reasons mentioned so far, excessive 
components temperature adversely affects the durability and leads to engine failure. 
Therefore, controlling the temperature of the components is a vi tal factor preventing the 
thermally related engine fa ilures. 
The results obtained from Nastran have been presented in Fig.6.17 - Fig.6.22 and the 
results obtained from conjugate case of Fluent have been presented in Fig.6.23 -
Fig.6.40. In these figures, the temperature distribution on various regions of the 
structure and fluid domain are presented . As it can be seen, almost the same temperature 
di stribution results were obtained from both cases. The main reasons why the 
temperature distribution from those two cases turned out not to be exactly the same is 
that different numerical methods are used by FE and CFD software as indicated earlier. 
Finite element method is used by Nastran, whereas finite volume method is used by 
Fluent. The results obtained from these cases depicted that the conjugate approach 
appears to be working effectively fo r coupling of the flu id and structure domain when 
the mesh on the interface is congruent. 
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6.2.6. The Results of Fluid Domain Obtained from tbe Conjugate Case 
As explained in section 5.2. 1, the CFO model was built with the assumption of uniform 
wall temperature and the principal results obtained from this case were di scussed. It was 
noted that the CFO results obtained from those analyses are only approximate results, 
and the aim of the analyses performed was to obtain qualitative information about the 
general features of the flow pattern and the heat transfer between the structure and 
coolant. In order to obtain accurate results of the coolant flow (heat flux distribution on 
the walls), correct assumptions should be made for the temperature of the coolant jacket 
wall. In the conjugate case carried out, there was no need to define any boundary 
cond ition on the coolant jacket wall and more accurate results have been obtained from 
this case. As it can be seen from the Fig.6.43 - Fig.6.4 7, the flow pattern and distribution 
of results look very similar to the one obtained from the case with uniform wall 
temperature assumption but the values of the results are not the same especially for the 
surface heat flux distribution (see section 5.2.1). 
The principal results obtained from the CFO case are examined in the same way as 
di scussed in section 5.2.1 and are shown in Figures from 6.4 1 to Fig.6.55. The figures 
consist of the following types: 
• 3D plots showing pressure distribution (see Fig.6.41 ) 
• Planar plots of static pressure (see Fig.6.41 ) 
• Planar plots of velocity field (see Fig.6.42 ) 
• 3D plots showing velocity (vector) field (see Fig.6.43 - Fig.6.47 ) 
• Planar plots of total heat flux (see Fig.6 .48 - Fig.6.5! ) 
• 3D plots showing temperature distribution (see Fig.6.27 and Fig.6.3! ) 
• Planar plots of coo lant temperature distribution(see Fig.6.52 - Fig.6.53 ) 
• Contours of wall y+ (see Fig.6.55) 
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The plots especially the velocity field and heat flux plots have been chosen to give an 
overall view of the cooling performance through the coolant jacket. 
As indicated earlier in Chapter 5, several planes were defined at different locations of the 
fluid domain to show the flow field at these cross sections. By this way, the results could 
be interpreted better (see Fig.5.1 - Fig.5.3). 
6.2.6.1. The Pressure Contours 
3-D and planar plots of absolute pressure distribution can be seen in Fig.6.41. Figure 6.41 
shows the static pressure contours on inlet, jet-planes and outlet planes. These figures 
could be misleading, since the values in the figures represent the gauge pressure values 
not the absolute ones. Since the pressure of the system was defined as 2 bar, and the 
pressure drop was calculated as about 0.5 bar, the pressure distribution within the cooling 
jacket domain should be between 2 bar (inlet) and 1.5 bar (outlet) . \,he figures should be 
examined in this way. It is seen that the pressure decreases in the z direction. This decline 
in pressure confirms that the negative pressure gradient exists in the positive z direction . 
This can be seen more clearly in Fig.6.41 showing the pressure distribution on jet-planes, 
inlet and outlet. As discussed earlier, it is known that the head gasket and cylinder head 
contribute significantly to the overall pressure loss of the cooling system and the same 
trend is seen in Fig.5.6. The pressure drop through the system, which is very important 
for boiling issues and appropriate pump selection, is computed as 57 - 58 kPa 
approximately. 
6.2.6.2. Velocity Contours and Vectors 
Planar plots of velocity contours in the result planes can be seen in Fig.6.42. The 3-D 
velocity vectors in the result planes can be seen in Fig.6.43 - Fig.6.47. Mostly the same 
flow patterns have been obtained with the fluid case which was run with the uniform wall 
temperature assumption. The result of this case was discussed in section 5.2.1. Fig.6.43 
shows the velocity distribution at the entrance of the inlet rail volume more closely. It is 
observed that the velocity of the fluid circulating around the cylinders, especially at the 
regions where the flow enters each cylinder, decreases in the longitudinal direction (+z 
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direction). This can be seen in Fig.6.42 showing the contours of the velocity magnitude 
on the result planes. The velocity profile in the z direction can be seen more clearly in 
Fig.6.42 showing the contours of velocity magnitude on the jet-planes. Similar to the 
case discussed in section 5.2.1 , the velocity vector plots reveal for the cylinder block that 
the velocity reaches higher values at the interbore section because of the smaller cross 
section. But the highest values for the velocities are reached at the gasket hole locations 
due to sudden decrease in the cross sectional area (flow area) where the coolant leaves 
the block and enters the head. This can be seen more clearly in Fig.6.44 and Fig.6.45 
showing the velocity vectors in jet-plane I , and interbore 2-3 and endbore4 sections 
respectively. The other cylinders show the simi lar characteristics. The velocity vectors at 
endbore4 section presented in Fig.6.45 indicate that the recirculated flow occurs at the 
exhaust side of interbore and endbore planes and some locations in the head due to the 
positive pressure gradient. Also, the velocity vectors in plane h I, plane h2 and plane h4 
can be seen in Fig.6.46. For the cylinder head, the velocity reaches higher values at the 
valve bridge locations due to smaller cross sectional areas. The velocity vectors around 
the valve bridges of each cylinder I and cylinder 2 can be seen in Fig.6.47. 
The accurate prediction of velocity distribution in the coolant jacket is significant 
because it has a direct influence on the heat transfer coefficient. This was discussed in 
section 5.2.1. 
6.2.6.3. The Heat Flux Plots 
The plots of the total surface heat flux on different sections parallel to the outlet plane 
can be seen in Fig.6.48. Planar contours of the surface heat flux on interbore and jet-
plane sections can be seen in Fig.6.48 - Fig.6.49. It is seen that the higher heat flux levels 
occur around the gasket hole locations due to higher velocities around these regions. As it 
can be seen from Fig.6.49 - Fig.6.5I, the highest heat flux levels are reached around the 
upper region of the interbore sections and around the valve bridges as it is expected. 
Fig.6.50 shows that the heat flux levels around the exhaust - exhaust valve bridges on the 
flame face of head increase up to l.Ox I 06 - l.1 x I 06 W/m2 The maximum average value 
is in the range of 7.0x I 05 - 8.0 xlOs W/m2 To have a better idea on the heat flux 
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distribution around flame face, heat flux values at three sections, which are I mm apart 
from each other in the axial direction, have been examined individually. At each cross-
section, the range of heat flux values at the valve bridges are shown in Fig.6.51. The 
results show that heat flux decreases with the distance away from the flame face . 
Similar to the velocity field , the highest heat transfer coefficients / heat fluxes are 
achieved around the regions where the velocity values are higher. The results obtained 
from the CFD analysis are consistent with the results presented in Ricardo' s CFn report 
(Thomas, 2002) and those reported in the literature. 
6.2.6.4. The Temperature Plots 
The 3-D plots of temperature of the head and block coolant jacket walls are depicted in 
Fig.6.27 and Fig.6.31. The wall temperature results showed that the wall temperature is 
highly non-uniform, therefore assuming uniform wall temperature will lead to inaccurate 
heat flux distribution on the walls as discussed earlier. Also, the contours of coolant 
temperature at several sections parallel to outlet can be seen in Fig.6.52 and Fig.6.53. As 
it is observed from these figures, the temperature increases towards the outlet, since heat 
is transferred to the coolant. Fig.6.52 shows the contours of static temperature of the 
coolant on the jet-planes, and endbore and interbore planes. 
6.2.6.5. Tbe Variation in Coolant Properties 
In this analysis, as it was indicated in previous sections, coolant viscosity was defined as 
a function of temperature. The results obtained from this analysis indicated the sensitivity 
of viscosity to variations in temperature which is consistent with the results presented in 
the literature. The similar trends were observed in the case presented in section 5.2.1.5. 
Therefore, assuming the coolant viscosity as constant is not a good assumption, because 
it can adversely affect the accuracy of the results. 
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The CFD results obtained from the case which was run with uniform wall temperature 
assumption (section S.2.1) showed that thermal conductivity and density showed a very 
small response to temperature variations therefore they were assumed as uniform for this 
case. 
Density; p = 10 I 0 kg / m3 and Conductivity; k = 0.0006 W/ mK 
6.2.6.6. Gasket Hole Mass Flow Rates 
The Fig.6.S4 shows the gasket hole configurations which play a key role in the coolant 
flow distribution inside the coolant jacket of the head and the calculated percentage mass 
flow rates through the gasket holes . The higher mass flow rates through the holes of 
gasket are highlighted in the Fig.6.S4. As it can be seen from Fig.6.S4, most of the 
coolant flow from the block to head occurs through these six holes and the contribution 
ofrest of the holes to coolant flow is very little. 
6.2.6.7. Wall Function (YJ 
Another contour that must be checked is the l contour which gives an idea about the 
adequacy of mesh resolution near the wall regions. 
Turbulence flows are significantly affected by the presence of walls. There are 
traditionally two approaches to modelling the near-wall region. In one approach, semi-
empirical formulas called "wall functions" are used to bridge the viscosity affected 
region between the wall and fully turbulent region. In another approach, which is called 
"near-wall model", the viscosity affected regions, in other words the regions next to the 
wall, are resolved with using a very fine mesh. 
In the conjugate analysis wall function approach was used, therefore there is no need for 
the viscous affected near wall region to be resolved using a fine mesh . In this approach 
this region is bridged by wall functions which substantially save computational 
resources. 
The log-law, which is valid for equilibrium boundary layers and fully developed flows, 
provides upper and lower bounds on the acceptable di stance between the cell centroid 
and the wall for wall-adjacent cells. The distance is usually measured in wall unit, 
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More detailed infonnation about this can be fo und in Fluent User Guide and in CFD 
books (Malalasekera, Versteeg, 2007). 
For standard or nonequlibrium wall functions, each wall-adjacent cell ' s centroid should 
be located within the log-law layer, 30</<300 but 15</<500 is considered to be good 
enough. It is very important for thi s requirement to be satisfied for the viscous affected 
near wall region to be resolved adequately. As it can be seen in Fig.6.55, this requi rement 
is mostly satisfi ed for most of the regions and it can be said that the mesh is good 
enough. 
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6.2.7. Comparison with Experimental Data in the Literature 
[n the CFD analyses of conjugate model, the boiling effect has not been modelled due to 
the limitation of the software. The results of the conjugate case showed that the 
temperature rise of the coolant throughout the cooling jacket was about 5.6 ·C. 
Although the temperature of the coolant stayed below its boiling point, which is about 
130·C at 2 bar pressure, in most of the regions within the coo ling jacket. In some local 
regions the coolant temperature reached boiling and in some regions it exceeded its 
boiling point as the contours of the coolant temperature on various result planes show in 
Fig.6.52 and Fig.6.53. Therefore, around these localised regions, there is a risk of 
nucleate and film boiling to occur. The nucleate boiling, which is an efficient mode of 
heat transfer, has the potential of increasing the surface heat transfer coefficient by only 
a small increase in the surface temperature, because the occurrence of nucleate boiling 
creates an effect similar to turbulence in the fluid layer next to the wall boundary due to 
the bubble generation, which results in an increase in heat transfer. However, the engine 
designers prefer to stay well within the convection regime due to the inherent risks 
associated with the possible progression to the film boiling region. Occurrence of film 
boiling causes significant increase in metal temperatures due to vapour blanketing of the 
high temperature metal surfaces. This vapour blanket layer formed on the heated wall 
acts as an insulator preventing heat transfer from the wall to the coolant. In other words 
the vapour layer formed on the high temperature metal surface prevents the wetting of 
the surface which leads to a significant rise in the metal temperature. Also, in the film 
boiling regions high rates of bubble generation could lead to the blocking of coolant 
passages. If film boiling condition is experienced by an engine it would quickly 
overheat and can suffer catastrophic failure. Therefore, film boiling must be avoided. 
Hence, it is necessary to have a good understanding of the effects of modelling the 
boiling heat transfer mechanism on the results of the analyses and to identify the regions 
where boi ling is more likely to occur. 
In this analysis, the possibility of boiling occurrence within the jacket can be 
investigated by examining the magnitude of heat flux. distribution obtained from the 
conjugate case. In this way, it is also possible to assess the suitability of convective heat 
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transfer only modelling, used in these analyses due to the limitation of Fluent. The best 
way of investigating the Occurrence of boiling would be to conduct an experimental 
study and compare the results of simulation with the experimental results. Since an 
experimental study was not feasible to be conducted in this project, one way of 
assessing the suitability of convection heat transfer only modelling used in CFD 
analyses is to compare the conjugate case results with the results of experimental studies 
found in the literature. 
A number of studies which have been conducted with the purpose of identifying heat 
transfer regimes taking place inside the cooling jacket of an engine and determining the 
range of heat flux and heat transfer coefficients occurring throughout the convective and 
flow boiling regimes have been reported in the literature. Some of these studies were 
discussed in section 2.2.2.2 . In the study by Hawley et al. 2004, the results obtained 
from simulations have been compared with the experimental results. Fig.2.9 - Fig.2.11 
show the magnitudes of the experimental heat flux ranges in an ICE throughout the 
convective and flow boiling regimes. However, these experimental and simulation 
results are for the coolant temperatures and coolant velocities different from the ones 
used in the present project. Experimental results corresponding to coolant inlet 
temperature of 110°C, velocity of 2.05 m/s and pressure of 2 bar used in this study have 
not been reported in the literature. For this reason, it is very important to understand the 
influences of coolant velocity and coolant temperature on heat transfer rate, and then the 
heat flux range at which transition from convection to boiling occurs can be adjusted by 
taking these factors into consideration. 
Studies reported in the literature are reviewed in detail and discussed in section 2.2.2.2 
to gain a better understanding of the effects of these parameters on the heat transfer rate. 
For example, the effect of coolant velocity on heat transfer is shown in Fig.2.9. Hence, 
comparing the heat flux range obtained from the conjugate analysis with these 
experimental studies would provide guidance into the heat transfer regimes occurring 
inside the cooling jacket of the diesel engine analysed and the accuracy of the 
convection heat transfer assumption used in the present project. 
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The heat flux ranges obtained from this conjugate case study are compared with the 
results of experimental study (Hawley et al. , 2004). The experimental results show the 
range of heat flux at which transition from convection to boiling regime occurs. The 
transition from forced convection to nucleate boiling region is characterized by a 
sudden change in the gradient of the line plotted in Fig.2.9 - Fig.2.I I. As seen from Fig. 
2.9.c and Fig.2.10.b, presenting the results of experimental study, the saturation 
temperature of the coolant is about 130°C and the boiling occurs when the heat flux 
reaches approximately 5 .5x I 0' - 6x I 0' W 1m2 , for the engine with the coolant inlet 
temperature of 90°C and velocity of I mls. The experimental heat flux values need to be 
extrapolated to allow comparison with the conjugate case, where the coolant inlet 
temperature is 110°C and velocity is 2.05 mls. 
The studies reported in section 2.2 .2.2 show that increasing the coolant velocity 
increases the heat flux in the forced convection regime (see Fig.2.9, Fig.2 .1 2) due to 
higher heat transfer coefficient distribution, whereas the coolant temperature is not 
expected to have a significant effect (see Fig.2.11 , Fig.2.13). Also, the experimental 
results in Fig.2 .1 0 show that an increase in the operating pressure causes a delay in the 
transition from convection to boiling region. In other words, it affects the boiling 
temperature, and it has very little effect on the heat flux in the forced convection region. 
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The operating pressure is 2 bar within the cooling jacket of the engine conjugate case 
model, the coolant velocity is 2.05 m1s, and pressure drop within the system is 
calculated as approximately 0.5 bar. The heat flux range that causes boiling at the 2.05 
m1s coolant velocity is expected to be in the range of 8.5x I OS - 9x 105 by extrapolating 
the data presented in Fig.2.9.c, reproduced here for convenience (Fig.6.56). 
The heat flux results obtained from the conjugate case, presented in Fig.6.24 and 
Fig.6.28, show that for almost all regions within the engine model, the heat transfer 
regime stays well within the convection region in the conjugate case of the cooling 
jacket model. Only in some very small local areas such as exhaust - exhaust valve 
bridge regions, higher heat fluxes are observed which may cause boiling. Thus, it can be 
concluded that the convection modelling used in the analyses can satisfactorily simulate 
the coolant flow and heat transfer. Inclusion of boiling effect, when possible, could only 
cause very slight changes in temperature distribution of such local areas within the 
engine structure. 
6.2.8. Comparisons of the Results of the FE Subcase Studies with the Results 
of the Conjugate Case Study 
In this section the results obtained from the FE check case studies (Eng.FE_Checkl & 
Eng.FE_ Check2) which show very good agreement with the results of the conjugate 
case are compared with the results obtained from the cases FE_HTC2 and FE_HTC5 to 
assess the accuracy of the coolant temperature assumptions made, the effectiveness of 
manual coupling and the conjugate approaches. All the FE case studies carried out in 
the previous and current chapters are summarized in Table 5.3 - Table 5.4, and Table 
6.2 respectively. 
To show the accuracy of the results obtained from the case study FE_HTC5, where the 
thermal loading applied on the coolant interface of structure more accurately represents 
the real case, the results are compared with those of the case Eng.FE_Checkl. In the 
case FE_HTC5, the thermal loading on the coolant interface of structure was defined 
using non-uniform coolant temperature (unlike the approach used in the industry) and 
non-uniform heat transfer coefficient distribution obtained from the CFD analyses. 
312 
Chapter 6 
In the case Eng.fE_Checkl, the thennal loading on the coolant interface of structure 
was defined using the heat flux distribution obtained from the conjugate analysis. Since 
the FE model used in the Eng.FE_Checkl study was used in the case study of 
FE_HTC5, here the results of the case Eng.FE_Checkl study are used for comparison 
of the results. As it can be seen from Fig.5.58, presenting the head temperature results 
obtained from the case study FE_HTC5 and Fig.6.13 and Fig.6.14 from the case 
Eng.FE_Checkl, almost the same temperature distribution results are obtained. The 
block temperature distribution results obtained from these two case studies (Fig.5.57 
and Fig.6.11 , Fig.6.12) show that almost the same temperature distribution results are 
obtained. These results showed that when the thennal loading on the coolant interface 
of structure is defined as the convection boundary condition using the non-uniform 
convection heat transfer coefficient together with the non-unifonn coolant temperature 
distribution obtained from CFO analyses, reasonably accurate temperature results for 
the structure could be obtained. 
The constant coolant temperature assumption used in industry (e.g. Ricardo) in thennal 
analysis of the engine structure introduces additional errors to the solution (section 
5.3.2.4), since the contribution of the local coolant temperature to the heat transfer 
calculations is neglected. An insight into the deficiency of assuming constant coolant 
temperature can be gained by comparing the results obtained from the case studies 
FE_HTC2 and FE_HTC3, at which constant coolant temperature assumption is made, 
with the results of the case study FE_HTC5 (or Eng.FE_Checkl) where non-unifonn 
coolant temperature is made. The temperature results obtained from FE_HTC2 are 
presented in Fig.5.50 for the block and Fig.5 .5 I for the head, and the results obtained 
from FE_HTC3 are presented in Fig.5.52. The temperature results obtained from the 
case FE_HTC5 are shown in Fig.5 .57 - Fig.5.58. As it can be seen from these figures, 
the temperature distribution results obtained from FE_HTC2 and FE_HTC3 turns out to 
be lower when compared with the results of the case FE_HTC5. Also, the differences in 
the temperature results obtained from the cases FE_HTC2 and FE_HTC5 show the 
effects of assuming non-uniform coolant temperature on the temperature distribution of 
the structure more clearly. Since non-unifonn coolant temperature was assumed in the 
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case FE_HTC5, in certain regions the coo lant temperature used for the heat transfer 
ca lculations is higher than the constant value (mostly the average of the coolant inlet 
and outlet temperatures) assumed for the constant coolant temperature case. This leads 
to an increase in the heat transfer in these local regions of the model in the case 
FE_ HTC2 and causes lower metal temperature levels. These results confirmed the 
shortcomings of using constant coolant temperature assumption for the definition of the 
convection boundary condition on the coolant interface of the structure. However, this 
approach is widely used in industry (e.g. Ricardo) for FE thermal analyses because 
using non-uniform coo lant temperature to defme the convection thermal loading on the 
coolant interface complicates the problem significantly which in turn requires 
considerab le computational resources, long run times and more effort. The above 
comparisons show the deficiency of assuming constant coolant temperature and the 
superiority of the non-uniform coolant temperature assumption and the effectiveness 
and superiority of the conjugate approach. 
As a conclusion, assuming non-uniform coolant temperature to defme the convective 
thermal loading on the coolant interface of structure in addition to the non-uniform 
convective heat transfer coefficient and showing the effects of these more realistic 
assumptions on the temperature results are one of the novelties and superiority of this 
study. Due to the complexity and size of the problem, this type of work assuming non-
uniform coolant temperature in FE analyses has not been reported in the literature. 
6.2.9. The Discussion on the Engine Temperature Distribution Results 
The results obtained from this study showed very good agreement with the results of 
Ricardo in terms of temperature distribution, however the temperature values turned out 
to be higher. The main thermal loading that the engine is exposed to originate from the 
gas in the combustion chamber. It should be noted the data used for the definition of the 
thermal loading applied on the gas side of the structure and for the coo lant inlet 
boundary conditions were supplied by Ricardo. 
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In this project, the thermal analysis of the engine was performed using two different 
approaches; the conjugate approach and the manual coupling between CFD and FE 
analyses. Almost the same temperature distribution results were obtained from both 
conjugate and manual coupling analyses, so it is unlikely that the temperature 
distribution to be incorrect. Hence the main cause of the high temperature distribution 
throughout the structure could be due to the uncertainty of prescribed specification of 
the gas boundary conditions, which could be on the higher side. However it should be 
noted that these values were obtained from experimental studies conducted by Ricardo 
engineers over many years. The data used for the thermal loading are shown in Table 
4.3 and Table 4.4. However it is not known whether the gas side thermal loading data 
supplied by Ricardo were obtained from the experimental study of this particular engine 
or any other engine. These values may have been obtained over the years by Ricardo 
from the experimental studies of similar engines with higher power ratings, and these 
values may have been most probably adjusted to allow for the differences between the 
thermal loadings of different engines and then used as input for the FE analysis of this 
particular engine. The adjustment could have been made by scaling either the gas side 
thermal loading in the pre-processing stage or the temperature distribution results of the 
structure in the post-processing stage. Ricardo engineers did not provide any 
information regarding this issue. Hence, the data supplied by Ricardo were directly used 
in the analyses without applying any scaling and the results presented reflect this. It is 
clear that the temperature results determined using Ricardo's gas side thermal loading 
are higher than expected temperatures which highlight the need for scaling down the gas 
side thermal loading at the pre-processing stage or the temperature results at the post 
processing stage. This would give more realistic temperature distribution. 
Another reason that may have caused these high temperature levels in this study when 
compared with the results of Ricardo, is the assumption of uniform coolant temperature 
used for the definition of thermal loading on the coolant interface of the structure in the 
FE analyses by Ricardo. In the FE thermal analysis conducted by Ricardo, an average 
value of the coolant inlet and outlet temperature was taken as the coolant temperature 
for the definition of convection thermal loading on the coolant interface. This 
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assumption was made for the simplification purposes. The approach employed by 
Ricardo is the same with the one used in the case studies FE_HTC2 and FE_HTC3 
(sections S.3.2.2 and S.3.2.3), and was discussed in section S.3.2.4. The results obtained 
from this conjugate case study showed that, even though the temperature rise of the 
coolant throughout the cooling jacket was about S.6 cC, temperature distribution of the 
coolant is highly non-uniform within the jacket domain and in some regions the coolant 
temperature values are higher than the assumed average value. This is evident in 
Fig.6.52 and Fig.6.S3 where the temperature contours of the coolant on various result 
planes are shown and it can be seen in Fig.6.S3 that in the regions of valve bridges and 
in most areas of the head cooling jacket the temperature is higher than 120-12SoC. In 
the case FE _ HTCS, the variations of coolant temperature within the jacket domain were 
taken into consideration by using non-uniform coolant temperature for the definition of 
convective thermal loading on the coolant interface. So in some regions the coolant 
temperature used for the heat transfer calculations is much higher than the average value 
of the coolant inlet and outlet temperatures. This leads to a reduction in heat transfer on 
these local regions and causes high metal temperature. The effects of assuming non-
uniform coolant temperature on the temperature distribution were discussed in the 
previous section by comparing the case study FE_HTC2 with the case study FE_HTCS. 
It is noted that in the conjugate case the heat transfer calculations on the coolant -
structure interface are automatically carried out by Fluent, so the variation of coolant 
temperature is taken into account in these calculations. 
6.2.10. The Assessment of the Effects of Uniform Wall Temperature 
Assumption for CFD Analyses 
One other important point of this study is the demonstration of the effects of constant 
wall temperature assumption on the surface heat flux distribution in CFD analyses. This 
effect can be seen clearly when the results obtained from the CFD case with uniform 
wall temperature assumption (section 5.2.1) are compared with the results obtained 
from the conjugate analysis (section 6.2.6). CFD case conducted with uniform wall 
temperature assumption is the first step of the iterative process between CFD and FE 
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analyses. As indicated earlier, a number of iterations must be conducted until no 
significant change in the temperature distribution of the structure is achieved. Surface 
heat flux distribution obtained from the uniform wall temperature assumption CFD case 
and conjugate case can be seen in Fig.5.15 - Fig.5.20 and Fig.6.48 - Fig.6.51 
respectively. The surface heat flux distribution obtained from the uniform wall 
temperature CFD case (Fig.5.l5 - Fig.5.20) appears to be higher than the results 
obtained from the conjugate case (Fig.6.48 - Fig.6.5!) which has a significant effect on 
the temperature distribution of the structure. Therefore these results showed the need for 
an iterative process between the CFD and FE analyses, and the effectiveness of 
conjugate approach over the manual coupling approach. 
6.2.11. The Effects of Different Coolant Inlet Temperature on the Heat 
Transfer within the Cooling Jacket 
Four models with different coolant inlet temperatures (383 K, 388 K, 390.5 K and 393 K) 
were built in Fluent to assess the effects of coolant inlet temperature on the temperature 
distribution and heat transfer rate, and to identify the thermally critical regions within the 
engine structure which are the objectives of this study. For each conjugate case overall 
mass flow rate, momentum, energy and scalar balances were checked using the Flux 
Reports panel in Fluent. Also the heat transfer rate from the surfaces of different sections 
of the model was checked to assess the influence of the coolant inlet temperature on the 
results. The heat transfer rate on the coolant interface of block and head, coolant outlet 
temperature and heat transfer rate· difference between the coolant inlet and outlet are 
given in Table 6.4 (for more details see Table 6.5, Table 6.7 and Table 6.8). The 
influences of coolant inlet temperature can be seen more clearly in Fig.6.57 - Fig.6.61 
which present the difference between the heat transfer rate ofthe coolant inlet and outlet, 
the coolant temperature rise throughout the jacket, the heat transfer rate on the coolant 
interface of the block and head. In all these cases, roughness effect on the coolant 
interface of block and head was taken into consideration and roughness height was 
defined as 0.04 mm. Initially for each coolant inlet temperature, the contours of the 
temperature distribution on the coolant interface of engine structure are presented and 
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discussed which are followed by the discussion of the temperature distribution results on 
the gas side of the engine structure. In addition, with the purpose of assessing the effects 
of coolant inlet temperature at particular locations around the thermally critical regions 
more effectively, the plots of coolant inlet temperature vs. structure temperature at 
thermally critical locations are presented in Fig.6.71. All these plots are presented with 
the aim of monitoring the thermal behaviour of the engine. 
The results of temperature distribution on the block-coolant interface, head-coolant 
interface and temperature ofthe coolant on the flame face sections for each coolant inlet 
temperature are shown in Fig.6.62, Fig.6.64, Fig.6.66 and Fig.6.68. The influence of 
higher coolant inlet temperature around the thermally critical regions of the block-coolant 
and head-coolant interface can be seen in Fig.6.62, Fig.6.64 and Fig.6.66 respectively. 
The regions with highest temperature distribution, interbore regions of the block coolant 
jacket and valve bridges of the head coolant jacket are highlighted in the Fig.6.62, 
Fig.6.64 and Fig.6.66 respectively. The temperature rise around these regions turned out 
to be in the range of 3-9 degrees with the higher coolant temperatures. Attention must be 
paid to the regions around the interbore section of the block coolant jacket and around the 
valve bridges of the head coolant jacket. As it can bee seen in Fig.6.62, the highest 
temperature on the coolant interface of the block occurs not around the interbore 
sections. Also, the highest temperatures on the walls of the head coolant jacket were 
expected to occur around the regions of the exhaust-exhaust valve bridges. However, as it 
can be seen in Fig.6.66, the highest temperature occurs around the regions of the inlet-
exhaust valve bridges of cylinders 3 and 4 on the contrary to what was anticipated. This 
shows that the cooling of exhaust-exhaust valve bridges of coolant jacket is reasonably 
sufficient. In view of this, the heat flux distributions on the boundaries of the block and 
head coolant jacket were examined. As it can be seen in Fig.6.63, Fig.6.65 and Fig.6.67, 
at the interface regions where highest temperatures occur, the heat flux values are 
relatively low. For example at the inlet-exhaust valve bridge regions of cylinder 3 and 
cylinder 4, the heat flux values turned out to be relatively low when compared to the 
other cylinders' valve bridge regions (see Fig.6.67). 
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The temperatures of particular points where the highest temperatures occur on the 
coolant interface of the block and head were plotted to show the influence of coolant inlet 
temperature on the temperature of these particular points more closely (see Fig.6.71). 
Two points are located around the regions of block coolant jacket with highest 
temperature. Four points are located around the exhaust-exhaust and inlet-exhaust valve 
bridges of the head coolant jacket of cylinder 3 and cylinder 4. The locations of these 
particular points whose temperature were monitored are shown in Fig.6.70. As Fig.6.71 
depicts, the temperature values of almost all defined points on the interface increases 
with higher coolant inlet temperature. However the rate of temperature increase varies, as 
some locations are affected more than the other locations. It is not possible to present the 
surface heat transfer coefficient or the surface heat flux at these critical points, because it 
is not possible for the heat transfer coefficient or the heat flux to be calculated at a point. 
However, when the contour plots of surface heat flux are examined in detail around these 
locations in Fig.6.63, Fig.6.65 and Fig.6.67, it can be seen that the variation of heat 
, 
transfer coefficient with coolant inlet temperature follows the same trend. 
The coolant temperature distributions on the flame face section of head jacket were also 
examined. Fig.6.68 shows the coolant temperature distribution on section of flame face. 
As it can be seen from this figure, the highest temperature on these sections do not 
change but the average temperature distribution on these sections are higher. This will 
definitely have an effect on the heat transfer especially when the boiling effects are 
modelled in the analysis. 
The results oftemperature distribution around the critical regions of the engine structure 
such as the head valve bridges are presented in Fig.6.69. On the gas side of the structure 
as indicated earlier, the bore surfaces where the piston ring momentarily comes to rest at 
the top dead center have been identified as the most thermally critical areas for the 
cylinder blocks (see Fig.6.37 and Fig.6.38). With higher coolant inlet temperature it 
appears that the temperatures of these areas only rise slightly which is an expected trend 
(see Fig.6.71). As discussed earlier, for cylinder heads the most thermally critical areas 
have been identified as the valve bridges particularly the exhaust-exhaust valve bridges 
(see Fig.6.40) and similar to the block, the temperatures of critical regions have risen up 
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by a small amount with higher coolant inlet temperatures (see Fig.6.69 and Fig.6.71). 
Similar to the coolant interface of the structure, the temperature variations on the surfaces 
of the structure which are exposed to combustion gas were examined by plotting the 
variation of temperature at thennally critical locations for different coolant inlet 
temperatures. Five points are located at positions which are very close to the top dead 
centre of the interbore sections of cylinders 2, 3 and 4. Four points are located at the 
exhaust-exhaust valve bridges of the head flame face. The locations of particular points 
whose temperature were monitored can be seen in Fig.6.70. As it can be seen from these 
figures, the temperatures of almost all points on these locations increase with higher 
coolant inlet temperature. 
Also, the results presented in Table 6.4 and Fig.6.57 - Fig.6.61 showed that, the higher 
the coolant inlet temperature is, the lower the total heat transfer to the coolant which is an 
expected trend and this leads to increase in the temperature distribution of the structure. 
Also, the temperature rise of the coolant through the jacket is higher for lower coolant 
inlet temperatures. 
The results from these analyses showed that the high-temperature layer that the engine 
structure experiences is located towards the wall facing the combustion chamber. 
Thennally critical locations within the engine can be eliminated by improving the design 
of cooling jacket to achieve a better perfonnance of the cooling circuit. For example, the 
perfonnance can be improved by modifying the locations or size of gasket passages or by 
modifying the design of coolant jacket around thennally critical regions. By this way, the 
heat transfer rate around these regions can be increased. 
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Table 6.4. Coolant Inlet Temperature vs. Heat Transfer Rate, Coolant Outlet Temperature 
and Coolant Temperature Rise 
Coolant Inlet Heat Transfer Rate Heat Transfer Rate Heat Transfer Rate 
Temperature on the Block Coolant on the Head Coolant Difference Between 
[K] Interface [W] Interface [W] Coolant Inlet and Outlet [W] 
383 26430.48 35434.87 71162.80 
388 25666.46 34793.14 66682.70 
·390.5 25284.45 34461.44 64563.22 
393 24872.10 34171.85 61852.68 
Coolant Inlet Coolant Outlet Coolant Temperature 
Temperature [K] Temperature [K] Rise [K] 
383 388.581 5.581 
388 392.507 4.507 
390.5 394.470 3.970 
393 396.401 3.401 
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Table 6.5. The Results Obtained with Different Coolant Inlet Temperatures [K) 
(Roughness Affects were taken into account) 
-35434 .869 -34793.138 -34461.437 
870.208 870.208 870.208 
742.260 742.260 742.260 
Heat Transfer Rate on the Surfaces of 5792.760 5792.760 5792.760 Exhaust Valve Seat-Valve Contact IWl 
Heat Transfer Rate on the Surfaces of 2395.576 2395.576 2395.576 Inlet Valve Seat-Valve Contact [W] 
Heat Transfer Rate on the 
-1903.964 -1992.848 -2037.556 Surfaces of Inlet Port fWl 
Heat Transfer Rate on the 19034.460 18904.210 18837.240 Surfaces of Exhaust Port fWl 
Total Heat Transfer Rate-
-71162.800 -66682.700 -64563.220 Coolant Inlet Oulet Difference rWl 
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6.2.12. The Effects of Wall Roughness on the Heat Transfer within the 
Cooling Jacket 
The same models with four different coo lant inlet temperatures were built with the 
smooth wall assumption with the purpose of assessing the effects of wall roughness on 
the surface heat transfer rate. The results obtained from these cases were assessed 
against the results obtained from the cases at which the wall roughness height was 
defined as 0.04 mm. This roughness height value is incorporated into the wall function 
formulation in Fluent. The heat transfer rate on the coolant interface of block and head, 
coolant outlet temperature and heat transfer rate difference between the coolant inlet 
and outlet are given in Table 6.5 and Table 6.7 for rough wal l and smooth wall 
assumption respectively. The results obtained from these cases showed that the 
roughness of walls did not make significant difference either to the wall heat flux on the 
coo lant interface or to the temperature distribution of the structure on the contrary to 
what was anticipated. Then a simple model for a conjugate analysis was built with the 
purpose of exploring why the roughness does not have an effect on the results. The 
model contains both the solid and fluid domains (see Fig.6.72). It is known that the 
velocity has a significant effect on the heat transfer, so two models were built with 
different velocities. One of the model was built with fast flow (Violet ~ 1.3 mJs) and the 
other one with slow flow (Violet ~ 0.1 mls). Two separate cases were created for each 
model, one of which was built with smooth wall assumption and the other one with 
roughness defined on the walls between fluid and solid. An increase in heat flux on the 
walls where the roughness is defined is anticipated from those cases. However, the 
results obtained from these cases showed that defining the roughness on the wall does 
only increase the heat flux on the walls for fast flow case and does not make any 
difference to the case with slow flow. The values of heat transfer rate on the walls for 
the fast flow and slow flow cases are tabulated in Table 6.6. 
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Table 6.6. Heat Transfer Rate on the Coolant Interface of Solid 
Fast Flow 
Slow Flow 
Fluid Region 
(Hex Mesh) 
Smooth Wall 
173 W 
S6W 
Rough Wall 
Solid Region 
(Tet Mesh) 
188 W 
S6W 
Figure 6.72. The FE Model of Solid and Fluid Domain for the Conjugate Case 
Hence, in view of these observations, the results obtained from the engine cases with 
smooth and rough wall assumptions are examined again (see Table 6.5 and Table 6.7). 
The results indicated that when the roughness is defined on the walls between fluid and 
solid, some change in the heat transfer is observed. However, this is only about 1% 
increase from smooth to 0.04 mm roughness. Now, it is necessary to find out why the 
change is so small, and test if this is accurate. 
Taking the slice plane through the engine block (at z=2S0mm), it can be seen that at in a 
small region at about I I-o' clock region as drawn, the velocities are high, but for much 
of the perimeter of the cylinder, the velocities are much lower (see Fig.6.73). 
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Likewise, the temperatures are examined on this plane (see Fig.6.74), there is a small 
region that is cooled significantly by the fluid (at about I I-o'clock), but less so around 
the rest of the perimeter. 
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The argument that could be made about the coolant flow within the jacket of the engine 
is that the result will be closer to that for the slow flow case of the simple model, since 
the flow within most of the coolant domain is slow. Therefore results obtained from the 
engine case with rough wall repeats the observations from the simple model case. 
The observations gained from these case studies also showed good agreement with the 
results of experimental studies which were conducted with the purpose of investigating 
the effects of surface roughness on the heat transfer rate in the literature. The effects of 
surface roughness on heat transfer, which is experimentally shown to only enhance in 
the regions of high velocities, were discussed in section 2.2 .2.2 and the experimental 
results are presented in Fig.2.14. 
Also the pressure drop across the fluid domain is higher when the roughness effects on 
the walls are taken into account as it was anticipated . 
6.2.13. The Effects of Viscosity on the Heat Transfer 
Another four case studies were tried with uniform viscosity to understand the effects of 
viscosity on heat transfer. A constant viscosity of 0.0006 kg/m.s was assumed unlike the 
other cases at which non-uniform viscosity assumption was made. The constant value of 
viscosity was supplied by Ricardo. The results obtained from these cases were tabulated 
in Table 6.8. Since the viscosity of coolant is highly dependent on temperature, in the 
regions where high temperature occurs the viscosity decreases and higher heat is 
transferred from the structure to the coolant. So with the assumption of uniform viscosity, 
the total amount of surface heat transfer rate appears to be slightly lower than the models 
with temperature dependent viscosity. 
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6.3. Conclusions 
In this chapter, as an alternative to the manual coupling for the data exchange, the 
thermal analysis of an engine was carried out using conjugate approach. This approach 
eliminates the need to define the boundary conditions on the coolant-structure interface 
which is not known and possibility of error occurrence that can arise during the data 
exchange between CFO and FE packages and mapping the CFO results onto the coolant 
interface of the structure in FE software. The conjugate analysis of the engine was 
conducted by using the engine structure and coolant jacket model together in Fluent. 
The entire model consists of over 6.3 million elements. 
Initially the conjugate approach was attempted on a simple model to test the 
methodology before trying it out on a complex model such as the engine analysed in 
this study. Then, the first case for the engine using a conjugate approach was tried with 
an engine model with the mesh on the structure-coolant interface is non-congruent 
(Case Eng.Conj.I). In this case, the solution failed to converge. Then, for the second 
case study, the conjugate analysis of the engine was carried out using the new FE model 
of the engine structure with the conformal mesh on the structure-coolant interface (Case 
Eng.Conj.2), and the solution converged for this case. The temperature results of the 
structure turned out to be more accurate when compared to the cases which were 
conducted with manual coupling approach in the previous chapter (similar temperature 
results were obtained with the case FE_HTC5). After obtaining the results from the 
conjugate case, a check study for entire engine structure was carried out in Nastran with 
the purpose of assessing the results obtained from Fluent against Nastran (Case 
Eng.FE_CheckI & Case Eng.FE_Cbeck2). The results obtained from Nastran showed a 
good agreement with the results of conjugate case. In view of these observations, it can 
be concluded that the conjugate approach seems to work effectively for the engine case 
when the mesh on the interface is congruent. It was also shown that when accurate 
surface heat flux distribution is imported from Fluent into Patran, regardless of the 
conformity of the mesh on the coolant interface, the manual coupling between the 
Fluent and Nastran works effectively and yielding satisfactory results. This statement is 
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in good agreement with the conclusion made at the end of section S.3.1, which indicates 
the sensitivity of structure temperature distribution to the accurate definition of heat flux 
thermal loading on the coolant interface of structure in FE analyses. 
Tn the CFD analyses of conjugate case model, the boiling effect has not been modelled 
due to the limitation of software. Due to the absence of appropriate experimental data 
for this particular engine with the coolant inlet conditions of 2.0S m/s and 110'C, one 
way of investigating the possibility of boiling occurrence within the cooling jacket is to 
compare the magnitude of coolant interface heat flux distribution obtained from this 
study with the experimental data in the literature. After the necessary adjustments were 
made to the experimental data in the literature (by extrapolating) by taking into account 
the effects of higher coolant velocity and coolant temperature, heat flux range at which 
boiling begins occur was expected to be in the range of 8.Sx I OS - 9x I OS (Fig.6.56). The 
heat flux results obtained from the conjugate case show that for almost all regions 
within the engine model, the heat transfer regime stays well within the convection 
region in the conjugate case of cooling jacket model but in some very small local areas 
such as exhaust - exhaust valve bridge regions, higher heat fluxes are observed. Thus, it 
can be concluded that the modelling in Fluent, which is not capable of modelling the 
boiling effect, can satisfactorily model the heat transfer within the engine cooling jacket 
by convective heat transfer only. 
Also, the temperature results obtained from the FE check case study (Case 
Eng.FE _Check 1) were compared with the results of case FE_HTCS, at which non-
uniform coolant temperature assumption was made, to show the accuracy level of the 
results obtained from FE_HTCS and the effectiveness and superiority of non-uniform 
coolant assumption used for the definition of thermal boundary condition on the 
interface. In the case FE_HTC5, unlike the approach used in industry, non-uniform 
coolant temperature assumption was made together with the non-uniform convective 
heat transfer coefficient to define the thermal loading. Then the effects of constant 
coolant temperature assumption on the temperature results were highlighted by 
comparing the results obtained from FE_HTC2 case, at which uniform coolant 
temperature was assumed, were compared with the results of FE_HTCS. All these 
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comparisons of the results (the results of conjugate case, Eng.FE_Checkl with the 
results obtained from FE_HTC5 and FE_HTC2 cases) highlighted the advantage of 
using conjugate approach and assuming non-uniform coolant temperature for the 
definition of convective boundary condition on the interface over the approach used by 
the companies in the industry and their effects on the results. 
The results obtained from the conjugate case study showed very good agreement with 
the results of Ricardo in terms of temperature distribution, however the temperature 
values turned out to be higher. Two approaches, manual coupling and conjugate, used 
for the thermal analysis of the engine produced almost the same temperature 
distribution so it is unlikely for the temperature distribution to be incorrect. The main 
cause of the high temperature distribution throughout the structure could be due to the 
uncertainty of the accuracy of the gas side thermal loading values which were provide 
by Ricardo .. These values were obtained from their experimental studies over many 
years. Another obvious reason that caused discrepancies in the temperature results when 
compared with the results of Ricardo is that the thermal analysis was conducted by 
assuming uniform coolant temperature (an average of coolant inlet and outlet 
temperatures) for the definition of thermal loading on the coolant interface of structure 
by Ricardo engineers. It is concluded that assuming constant coolant temperature (case 
FE_HTC2) gave lower temperature results close to Ricardo's results, but in this study 
the coolant temperature variation within the cooling jacket were taken into account in 
the modelling stage such as the case FE_HTC5 which lead to more accurate but higher 
temperature results. The effects of assuming constant coolant temperature were 
highlighted in the previous paragraph. 
Thermally critical locations throughout the engme were identified. For the cylinder 
blocks the upper regions of the bore surfaces where the piston ring momentarily comes 
to rest at top dead center and for cylinder head the valve bridges particularly exhaust -
exhaust valve bridges have been identified as the most thermally critical areas. 
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After identirying the thernially critical locations within the engine structure using these 
approaches, to assess the influences of higher coolant temperature on these thermally 
critical regions of the engine, four case studies with coolant inlet temperatures of 11 ooe, 
115°e, I 17.5°e and 1200 e were conducted. The temperature results around the thermally 
critical areas obtained from these case stud ies were examined and the results are 
presented in Fig.6.57 - Fig.6.7 1. The variation of temperature at particular points around 
the thermally critical locations was examined, and the temperature rises at these 
particular points were found in the range of 3-9 degrees at the higher coolant 
temperatures . However the rates of temperature increase varies, as some locations are 
affected more than the other locations. It is believed that this slight increase in 
temperature of critical locations may not significantly affect the durability of the 
structure, however, without carrying out the structural analyses it is not possible to 
comment on the durability of the engine components. 
Also the same case studies were carried out with smooth wall assumption to investigate 
the effects of wall roughness on the total heat transfer rate on the coolant interface and 
on coo lant temperature rise throughout the coolant jacket. The results obtained from the 
smooth wall assumption case studies were assessed against the resu lts obtained from the 
cases at which the wall roughness height was defined as 0.04 mm. It is concluded that 
the wall roughness does not have a significant effect on the total transfer rate on the 
coo lant interface mostly due to slow flow rates through most of the coolant domain (see 
Table 6.7). 
The same case studies were also carried out with uniform viscosity to understand the 
effects of viscosity on heat transfer. A constant viscosity of 0.0006 kg/m.s was assumed. 
Since the viscosity of coolant is highly dependent on temperature, in the regions where 
high temperature occurs the viscosity decreases and higher heat is transferred from the 
structure to the coolant. So with the assumption of uniform viscosity, the total amount of 
surface heat transfer rate appears to be slightly lower than the models with temperature 
dependent viscosity (see Table 6.8) . 
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Table 6.7. The Results Obtained with Different Coolant Inlet Temperatures lKJ (Smooth Wall) 
Temp. 
-26240.372 -25614.686 -25226 .633 -24847.649 
t::]~~ill~~~5E~~:6!:::jC::J-3~5~2~75[. 0~4~4=:±=:-~34:::'62::9:-:.0::5::"9 _+_-:-34281.78:::'8--+----3::":4~004"::. 9 ::'81::___; 
870.208 870.208 870.208 870.208 
742.260 742.260 742.260 742.260 
Heat Transfer Rate on the Surfaces of 5792.760 5792.760 5792.760 5792.760 Exhaust Valve Seat-Valve Contact rWJ 
Heat Transfer Rate on the Surfaces of 2395.576 2395.576 2395.576 2395.576 Inlet Valve Seat-Valve Contact rWJ 
Heat T ransler Rate on the 
-1917.240 -2003 .557 -2051.539 -2094 .559 Surfaces of Inlet Port fWl 
Heat Transfer Rate on the 18939.210 18810.320 18747.050 18682.970 Surfaces of Exhaust Port I WL 
Total Heat Transfer Rate-
-70914 .200 -66044.530 -63876.760 -61415 .900 Coolant Inlet Oulet Difference rWJ 
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Table 6.8. The Results Obtained with Different Coolant Inlet Temperatures [KJ 
(Rough Wall and Uniform Viscosity) 
-26153.656 -25306.015 -24872.494 
-35307.329 -34064.597 -34257.233 
870.208 
742.260 
Heat Transfer Rate on the Surfaces of 5792.760 5792.760 5792.760 Exhaust Valve Seat-Valve Contact [VII] 
Heat Transfer Rate on the Surfaces of 2395.576 2395.576 2395.576 Inlet Valve Seat-Valve Contact fWl 
Heat Transfer Rate on the 
-1917.996 -2009.432 -2055.320 Surfaces of Inlet Port fW1 
Heat Transfer Rate on the 18951.210 18801.990 18725.240 Surfaces of Exhaust Port IWl 
Total Heat Transfer Rate-
-69318.670 -64923.420 -62719.930 Coolant Inlet Oulet Difference [V\Il 
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-24488.442 
-33910.479 
870.208 
742.260 
5792.760 
2395.576 
-2101 .209 
18651 .080 
-60457 .680 
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CHAPTER 7 
CONCLUSIONS 
The main aim of this study has been to gain a better understanding of the risks of 
running the engine at higher coolant temperatures. The effects of higher coolant inlet 
temperature on the engine components were investigated by analysing the coolant side 
flow and the thermal loads in the cylinder block/head of the engine. A CFD model of 
the fluid domain is developed to simulate the coolant fl ow inside the coolant jacket of 
an engine and the heat flux distribution obtained from this analysis were prov ided as 
coolant side thermal loading to the FE analysis. The FE thermal analysis of the engine 
model was conducted with the purpose of obtaining temperature distribution throughout 
the engine structure under rated power condition of the engine. The methodology of the 
manual coup ling for the data exchange between the CFD and FE packages and the 
conjugate approach used for thermal analyses of the engine were explained in detail. 
Using the conjugate approach, thermal analysis of the engine was conducted and 
thermally critical locations throughout the engine were identified. The influences of 
higher coolant inlet temperature on the thermally critical locations were investigated by 
carrying out four case studies with coolant inlet temperatures of II O·C, IIS·C, 11 7.S·C 
and 120·C. The temperature rise at the particular points around thermally critical 
regions turned out to be in the range of 3-9 degrees. These higher temperature levels 
around the thermally critical regions will probably cause a marginal increase in thermal 
stresses, however, without carrying out the structural analyses it is not possible to 
comment on the durability of the engine. 
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All the studies reviewed in the literature have shown that accurate prediction of the 
coolant heat transfer coefficient inside the coolant jacket of an engine is the critical part 
of establishing the maximum temperature guidelines for engine components, as the heat 
transfer coefficient or heat flux distributions calculated from CFD analyses are used as 
the coolant side boundary condition within the FE thermal analysis to predict the 
temperature on the boundaries of metal components. The literature review has proven 
that the coolant jacket design and understanding the coolant flow behaviour in the 
coolant jackets are critical to engine durability and engine efficiency. Therefore, a 
number of case studies were carried out with the purpose of determining the most 
suitable technique for accurate temperature prediction. 
Effects of Wall Temperature Assumption on CFD Analyses 
Initially, CFD analysis of the coolant jacket has been performed with the assumption of 
uniform wall ·temperature distribution due to unavailability of the wall temperature 
distribution data. The velocity, heat flux, heat transfer coefficient, pressure and 
temperature results were analysed to investigate the trend of these property variations. 
Even though the results obtained from this case were not realistic due to uniform wall 
temperature assumption, the results gave qualitative information about the general 
features of the flow pattern, such as the pressure drop across the coolant domain. Then 
several CFD case studies have been conducted with the models, which were built with 
different uniform and non-uniform wall temperature and coolant inlet temperature 
assumptions, to show the effects of the wall temperature and the coolant inlet 
temperature assumptions on the surface heat flux distribution and the total heat transfer 
rate on the coolant jacket surface. All these studies have demonstrated the sensitivity of 
the surface heat flux distribution and the total heat transfer rate to the wall temperature 
and coolant inlet temperature assumptions. It was concluded that, in order to obtain 
accurate heat flux distribution on the surfaces of the coolant jacket, accurate wall 
temperature assumptions must be made for the CFD analyses. 
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The FE Case Studies and the Effect o/Thermal Boundary Condition Type 
A number of FE case studies have been carried out with the purpose of demonstrating 
the methodology fo r exchanging data between Fluent and Patran. For the simplification 
purposes, in some FE cases the size of the model was limited to quarter and half 
models, while entire engine models have been used whenever possible. The FE 
simulations for each case have been conducted with the models buil t by defining 
different thermal loading boundary conditions (heat fl ux or convection thermal loading) 
on the coo lant interface of the structure. For the fi rst group FE case studies, the thermal 
loading on the coolant interface of the structure was defmed using either uniform heat 
flux assumption or non-unifo rm heat flux d istribution obtained from the CFD analyses, 
because the definition of thermal load ing on the coolant interface as heat flux is the 
most straightforward method, as it requ ires only the surface heat fl ux values, and it does 
not require specification of the coolant temperature variation. Even though reasonable 
temperature distribution results were obtained for most of the areas of the structure from 
these case stud ies, in some local areas of the engine the temperature results tumed out to 
be unreasonable (negative or very low values) . The results obtained fro m these case 
studies indicate the sensitivity of temperature distribution of the structure to the accurate 
definition of heat flux thermal loading on the coolant interface of the structure 
especially in local areas. 
For the second group FE case studies, thermal loading boundary condition on the 
coo lant interface was applied as the convection boundary conditions. For some cases, 
non-uniform heat transfer coefficient distribution and un iform coo lant temperature were 
assumed for simpl ification purposes and for other cases non-uniform assumptions were 
made on the basis of the data available in the li terature or the results obtained fro m 
Fluent. One of the main aims of these case studies has been to show the influences of 
the non-unifo rm convective heat transfer coefficient and non-uniform coo lant 
temperature assumptions on the temperature distribution of the structure, since, in most 
of the FE thermal analyses of the engines carried out in industry, the contribution of the 
local coolant temperature has been neglected. Each trial was conducted with 
incrementally more realistic assumptions. The results of the temperature distribution of 
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the structure obtained from these case studies appeared to be more reasonable when 
compared with the case studies conducted with the heat flux loading applied on the 
coolant interface. 
The results obtained from all these case studies indicate that more reasonable 
temperature distribution results could be obtained by the application of convection 
boundary condition with the assumption of non-uniform heat transfer coefficient and 
coolant temperatures rather than non-uniform heat flux boundary condition on the 
coolant interface of the structure. 
The Conjugate Approach 
To assess the accuracy of the results obtained from these case studies, the thermal 
analysis of the engine was conducted using the conjugate approach as an alternative 
method. This approach eliminates the need for defining the boundary conditions on the 
coolant-structure interface. The temperature results obtained from the conjugate 
approach case study appeared to be more satisfactory and are in good agreement with 
Ricardo's results in terms of temperature distribution but the temperature values turned 
out to be higher. 
The pred ictions of the analyses should be validated to assess how realistically the model 
simulates the real behaviour of the engine under rated power conditions. The best way 
of validating the mode l is to carry out experimental studies . However due to lack of 
access to the engine and experimental facilities, and highly complicated geometry of the 
coolant jackets it is beyond the scope of this work to conduct tests and obtain data for 
validating the CFD and FE analyses. 
Assessment of the Suitability of Convection Modelling 
In the CFD analyses of conjugate case model, the boiling effect has not been modelled 
owing to the limitations of software . Due to the absence of appropriate experimental 
data for this particular engine with the coolant inlet conditions of 2.05 m1s and 110°C, 
one way of investigating the possibility of boiling occurrence within the cooling jacket 
is to compare the magnitude of the coolant interface heat flux di stribution obtained from 
this study with the experimental data available in the literature. By this way it is also 
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possible to assess the suitability of the convective heat transfer modelling used in this 
study. However experimental results available in the literature are for different 
operating conditions than the ones used in this project. So, these experimental data were 
extrapolated before comparison to allow for the differences between the heat flux values 
caused by higher coolant velocity and coolant temperature used in this study. As 
discussed in section 6.2.7, the heat flux range that causes boiling for the coolant velocity 
of 2.05 m/s, coolant temperature of 110°C and coolant pressure of 2 bar was expected to 
be in the range of 8.5x105 - 9xl05 W/m 2• The heat flux results obtained from the 
conjugate case showed that for almost all regions within the engine model, the heat 
transfer regime stayed well within the convection region in the conjugate case of the 
cooling jacket model but in some very small local areas such as exhaust - exhaust valve 
bridge regions, higher heat flux values were observed, which may cause a boiling effect. 
Thus, it can be concluded that the convection only modelling used in the analyses can 
satisfactorily simulate the coolant flow and the heat transfer. 
FE Check Case Studies 
The FE check case studies for the entire engine structure were carried out with the 
purpose of assessing the results obtained from Fluent® conjugate case against Nastran®. 
The heat flux distribution results on the coolant interface of the structure obtained from 
the conjugate case were imported from Fluent into Patran to define the thermal loading 
on the coolant interface. The results obtained from these check studies showed good 
agreement with the results of tbe conjugate analysis. In view of these observations, it 
can be concluded that the conjugate approach seems to work effectively for the engine 
case when the mesh on the interface is congruent. Due to complexity and size of the 
engine models, which requires huge computational resources, conjugate approach is not 
widely used in industry. 
One further contribution of this study to knowledge is that when accurate surface heat 
flux distribution is imported from Fluent into Patran, regardless of the conformity of the 
mesh on the coolant interface, the manual coupling between the Fluent and Nastran 
works effectively and yields satisfactory results. 
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The results obtained from the case studies showed the deficiency of the constant coolant 
temperature assumption, superiority of the non-uniform coolant temperature assumption 
and the effectiveness of the conjugate approach. However, the approach of assuming 
constant coolant temperature is widely used in industry for FE thermal analyses because 
using non-uniform coolant temperature to define the convection thermal loading on the 
coolant interface makes the problem much more complicated. 
Reasons for Higher Temperature Results 
In this study, two different approaches, manual coupling and conjugate approaches, 
were used for the thermal analysis of the engine which produced almost the same 
temperature distribution. It can therefore be concluded that, it is unlikely for the 
temperature distribution to be incorrect. However, the overall temperature values turned 
out to be higher than the results of Ricardo. The main cause of the high temperature 
distribution throughout the structure could be due to the uncertainty of the prescribed 
specification of the given gas side boundary condition, which could be on the higher 
side. However it should be noted that the gas side thermal loading values, which have 
been specified, were obtained from experimental studies conducted by Ricardo over 
many years. These representative values may have been accumulated from experimental 
studies of a number of engines with higher power ratings, and they need to be adjusted 
to allow for the differences between the thermalloadings of different engines before FE 
analysis of this particular engine. No adjustment was made to the gas side thermal data 
in this research. It is reasonable to state that the metal temperatures determined using 
Ricardo's gas side thermal loading are higher than that can reasonably be expected. It is 
therefore essential to scale down the results to achieve more realistic results. This 
suggests that the gas side thermalloadings used were higher for this particular engine. 
Another reason that may have caused discrepancies between the temperature results and 
the results of Ricardo is that constant coolant temperature assumption (an average of 
coolant inlet and outlet temperatures) was used by Ricardo for the defmition of thermal 
loading on the coolant interface of the structure. Since non-uniform coolant temperature 
assumption was used in this project, in some regions the coolant temperature values are 
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higher than the assumed average value used by Ricardo. This leads to decline in heat 
transfer on these local regions and causes high metal temperatures. 
Thermally Critical Locations and the Effect of Higher Coolant Temperature 
Using the conj~gate approach, thermal analysis of the engine was conducted and 
thermally critical locations throughout the engine were identified. On the cylinder 
block, the areas of the bore surfaces towards the top deck of cylinders, especially 
interbore regions were identified as thermally critical locations. Since the upper regions 
of bore surfaces are exposed to high temperature and high pressure gases due to the 
piston movement than the lower regions. On the cylinder head structure, valve bridges 
especially the eXhaust - exhaust valve bridges, were identified as the thermally critical 
locations, as these regions are exposed to very high temperature combustion and 
exhaust gases. 
Four case studies were conducted to assess the influences of higher coolant inlet 
temperature on the temperature distribution of the structure, particularly around the 
thermally critical locations. The results showed that the increase in the coolant 
temperature resulted in a slight increase (3_9° C) in the temperature of thermally critical 
areas and a reduction in the total heat transfer rate to the coolant. However, the rate of 
temperature increase varies, as some locations were affected more than the others. It is 
believed that this slight increase in the temperature of the critical locations may not 
significantly affect the durability of the structure. However, by examining the 
temperature distribution results, it is not possible to comment whether the engine is 
capable of operating under the conditions of higher coolant temperature without 
excessive deformation or failure of the engine components. 
In order to assess the durability of the engine structure, the stress distribution throughout 
the structure is required. Therefore structural analyses should be carried out (as a future 
work) to determine the stress distribution. The main loading applied on the structure for 
the structural analysis is the thermal loading. That is the reason why thermal analysis is 
conducted initially, since temperature distribution is required to define the thermal 
loading in structural analysis. Other loadings that the engine is subjected to, originate 
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from the assembly (i.e. bolt forces, interference fits etc.) and operating loading conditions 
(cylinder pressure, piston side forces etc.), these should also be applied to the structure as 
well. For this four cylinder engine, at least four structural analyses must be carried out for 
each firing condition of the cylinder. After the stress distribution is obtained, critical 
locations can be determined. After identifying the weak features of the engine structure, 
the coolant jacket design can be improved with the purpose of achieving more durable 
structure and more efficient cooling system. 
Effect of Surface Roughness 
The effect of the surface roughness on the total heat transfer rate was assessed by 
carrying out several cases, and the results obtained from these cases showed that the 
surface roughness does not have a significant effect on the total heat transfer rate on the 
coolant interface of the structure mainly due to the slow flow rates in most of the 
regions. However, it may have a slight effect on the localised regions where higher 
velocities occur. This observation is consistent with the results published in the 
literature. 
To assess the effect of the coolant viscosity, four case studies were conducted with 
uniform coolant viscosity. The results showed that tith the assumption of uniform 
viscosity, the total amount of surface heat transfer rate appeared to be slightly lower than 
the models with temperature dependent viscosity. 
7.1. Novelties 
In this study, two methods were used to perform the thermal analysis of the engine 
structure and very comparable temperature distribution results were obtained. In one of 
them CFD and FE analyses were coupled using manual data exchange approach and the 
other one used is the conjugate approach which couples the fluid and structure domain 
by automatically carrying out the heat transfer calculations on the interface. The former, 
which requires iterations between CFD and FE analyses, is widely used in industry for 
FE thermal analyses of the engine, but the main problem with this approach is, uniform 
coolant temperature was assumed together with non-uniform convective heat transfer 
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assumption to define the convection thermal loading on the coolant interface of 
structure. However, neglecting the contribution of the coolant temperature and 
assuming the coolant temperature constant, introduce additional errors to the solution 
and leads to inaccurate structure temperature values. In this project, the non-uniform 
temperature assumption was made in order to represent the variation of the coolant 
temperature within the fluid domain more accurately. One of the novelties of and 
superiority of this project is the use of non-uniform coolant temperature distribution in 
addition to the non-uniform convective heat transfer coefficient obtained from CFD 
analyses to define the thermal loading on the coolant interface for the FE thermal 
analysis of the engine structure. This demonstrates the effects of this more realistic 
assumption on the temperature results. Due to the complexity and size of the problem, 
this type of work assuming non-uniform coolant temperature in FE analyses has not 
been reported in the literature. 
A further superiority of the present work is that entire engine model was utilised for the 
analyses rather than limited sized models. Typically, in industry the size of the engine 
model is typically limited to quarter or half engine for the analyses of the engine, which 
has certain limitations, as illustrated in the thesis. The results obtained from simplifying 
the model by limiting its size to quarter of half showed that comparable results with the 
entire engine model were achieved. However, the main deficiency of the analyses 
conducted with limited sized models is that these analyses do give information only 
about the temperature distribution of particular regions of the engine. Another drawback 
of limiting the size of the model is related to the data transfer from FE analyses to CFD 
analyses when the manual coupling approach is used. 
Furthermore, the effects of the surface roughness on the total heat transfer rate were 
assessed by carrying out several case studies, and the results obtained showed that the 
surface roughness does not have a significant effect on the total heat transfer rate on the 
coolant interface of the structure mainly owing to the slow flow rates in most of the 
regions. However, it may have a slight effect on the localised regions where higher 
velocities occur. This observation is consistent with the results published in the 
literature. 
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On the computational side, a further strength of this work is the application of the CFD 
analysis to such a large model with such a large number of elements for the first time in 
Fluent version 6.3 under Windows 64 bit platfonn using a conjugate approach. The 
conjugate analyses of simple models do not require confonnal mesh on the fluid-solid 
interface, but it turned out that for the complex models Fluent fails to conduct the 
analysis unless the mesh is confonnal on the interface. One of the other strengths of this 
work was the use of the MPC elements in tying the cut planes. The application of the 
MPC elements in simplifying the model size proved to be effective and the outcome 
was accurate. However, size-limiting MPC employed analyses provide infonnation 
about the particular regions of the engine the analyses were conducted on. 
7.2. Computing Limitations 
One of the major causes of uncertainties in the results for complex geometries in many 
applications is the practical constraints on memory capacity and computer power. 
Although a very powerful computer with 8 GB and dual core processor was used, it was 
at its limits to handle the sheer size of the model. This imposed limitations on the 
simulations. One of them is that is that limited number of elements was used to mesh 
the model. It is more likely to obtain more accurate results by fine-meshing the entire 
model or by employing much finer mesh around the regions of the fluid domain with 
high flow gradients and the engine structure with high thennal gradients. After 
obtaining the results, it is the user's final responsibility to assess the accuracy of the 
results. In view of this, convergence study must be conducted to assess the accuracy of 
the model built for the analyses. Ideally, at least three significantly different grid 
resolutions should be used. However due to computer power limitations, the 
convergence study was not possible to conduct. 
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CHAPTER 8 
FUTURE WORK 
The current platfonn based on the conjugate approach with CFD and FE modelling of 
the whole engine structure introduces many advanced features and novelties, however 
there are certain areas which require further attention and investigation. 
As in all of the computational models, in order to obtain meaningful results the model 
must be both valid and accurate. Validity of the model is achieved via comparisons 
against experimental data whereas the accuracy requires convergence testing. 
VaIidation appears to be one of the shortcomings of the current PhD study. 
Experimental work is needed to validate the model for thennal analyses by comparing 
the temperature distribution throughout the model. By instrumenting the structure with 
thennocouples, experimental readings can be taken however this process possesses 
various difficulties especially in tenns of cost, time and structural complexities. Also, 
convergence study should be conducted to assess the accuracy of the results by 
employing much finer mesh around the critical regions. However, the convergence 
study requires powerful computer clusters. 
From the analyses conducted in this work, temperature distribution throughout the 
structure was obtained. However, in order to assess the durability of the engine 
components, stress distribution throughout the structure is required. Therefore structural 
analyses should be carried out to detennine the stress distribution of the structure. In the 
structural analyses, the temperature distribution obtained from this work will be used as a 
thennalloading condition together with other loadings such as cylinder pressures, piston 
side forces, bolt forces, interference fits etc. Critical locations within the structure can be 
detennined by assessing the stress distribution of the structure. After identifying the weak 
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features of the engine structure, the coolant jacket design can be improved with the 
purpose of achieving more durable structure and more efficient cooling system. 
It would be advancement if the structure and fluid domain can be meshed with different 
type of elements which is capable of capturing flow features more accurately. It is 
known that tetrahedral elements are the most widely used elements type to mesh the 
models with that complexity of geometry. But with the advancements in CFD software 
technology, it became possible to use different type of elements which are more 
effective. The commercially available CFD software, STAR-CD, enables the user to 
mesh the complex models with polyhedral elements. The main advantage of using 
polyhedral cells is that they fill the region of interest (fluid domain) in a most efficient 
way. For a given resolution level, a mesh consisting of polyhedral cells has fewer faces 
than a mesh of any other type. Star-CCM+ is a face based solver. During the solution, 
the solver loops over all cell faces at every solution level, therefore minimising the 
number of faces provides huge benefits in terms of solver efficiency. Polyhedral has the 
fewest number of faces per unit volume. From this point of view, tetrahedral elements 
are the worst type of computational cells. Polyhedral cells have the accuracy of 
hexahedral cells and they can be generated easily like tetrahedral meshes. 
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Appendix 4.A.1. 
Total number of nodes contained within the model 
pat ran neutral file 
20 0 0 
OS-Mar-07 09 :10 :36 
\ Total numb71ements contained within the model 
1 G j 46 3J:(i8682Y 2 2 0 
1 1 0 2 0 0 
1.111870 5E-02 2.800311222E-02 3. 522377181E-Ol 
lG
1 
A 0 0 000000 
~ 0 2 0 0 
1 ' 1272880~-02 2 . 783032168E-02 3. 540000168E- Ol 
lG A 0 0 000000 
1 \J) 0 2 0 0 0 
1 . 1272880~~ 2 2 . 663152058E-02 3. 540000168E-Ol 
lG 6 '\ 0 0 000000 
: /; NodeLDs l~w, 0 2 0 0 5 . 4 5 -01 1.033840049E-02 4 . 405662209E-01 
lG ~ 0 0 000000 
1 44 0 2 0 0 0 
5. 147 924 E-Ol 1 . 590679075E-02 3 . 989196189E-01 
lG ~ 0 0 000000 
1 . 9443 0 2 0 0 0 
5. 14 244E-Ol 1 . 584 9 52075 E-02 3.970702188E-Ol 
l G 6 0 0 000000 
o o o 
o o o 
o o 
o o o 
o o 
o o 
G) 
3 
i~ 
~ a86~2gt/ EI
3
ement ~s 
o 62 
1~ 4428 194431 
2 8682 3 2 
o 62 
19 94425 194428 
2 
2 3 2 0 0 0 0 0 0 82 0 O.OOOOOOOOOE+OO O. OOOOOOOOOE+OO O. OOOOOOOOOE+OO 2 1 
3 2 0 0 0 0 0 0 82 o O.OOOOOOOOOE+OO O. OOOOOOOOOE+OO O. OOOOOOOOOE+OO 
2 4 
3 2 0 0 0 0 0 0 82 o O. OOOOOOOOOE+OO O.OOOOOOOOOE+OO O.OOOOOOOOOE+OO 5 3 
2 
00000 
o O.OOOOOOOOOE+OO O. OOOOOOOOOE+OO 0.000000000£+00 
o 0 0 0 0 
o O. OOOOOOOOO E+ OO O. OOOOOOOOOE+OO O.OOOOOOOOOE+OO 
28682 32 
o 62 
194426 194431 194428 
00000 
o O.OOOOOOOOOE+OO O. OOOOOOOOO E+ OO O. OOOOOOOOOE+OO 
Figure 4.A.1. The format of the mesh file (neutral file) written out by Fluent 
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Total number of nodes within the model 
ramna nr erp~ G9443 ~~ 0 0.0 0 1 
SUBTITLE 1 
SUBTIT~ 
. : G ~n15H~g~ 
Node IDs Heat Flux Values /" d 
Figure 4.A.2. The format of the result file (rst file) written out by Fluent 
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a = 140 ~ = 20° y = 1400 
Figure 4.A.3. T he Regions where Interbore and Free-bore HTC Va lues are Defined 
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Table 4.A.I . Tabular Convection Heat Transfer Coefficient Applied 0 11 the Bore Surface of Cylinder I (h: [W/mm2K]) 
~) o (dcg. 0 6.6 13.2 19.8 26.4 33 39.6 46.2 52.8 S9.4 66 
-180 2.16E-04 2.42E-04 2. 05E-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.65E-04 1.66E-04 
-166 2.16E-04 2.42E-04 2.05E-04 1.97E-04 1.B6E-04 1.77E-04 1.67E-04 1.66E-04 164E-04 1.6SE-04 1.66E-04 
-160 2.B l E-04 2.B5E-04 2.69E-04 2.S7E-04 2.41 E-04 2.3 1E-04 2. 1BE-04 2.17E-04 2.16E-04 2.24E-04 2.3 1 E-04 
-160 2.Bl E-04 2.85E-04 2.69E-04 2.S7E-04 2.41 E-04 2.31E-04 2.18E-04 2.17E-04 2.16E-04 2.24E-04 2.3 1E-04 
166 2.16E-04 2.42E-04 2.0SE-04 1.97E-04 1.B6E-04 1.77E-04 1.67E-04 1.66 E-04 1.64E-04 1.6SE-04 1.66E-04 
180 2.16E-04 2.42E-04 2. 0SE-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
~) 72.6 79.2 8S.8 92.4 99 10S.6 112.2 118.B 125.4 132 220 o (deg. 
-180 1.7SE-04 1.84E-04 1.93E-04 2.08E-04 2.27E-04 2.S2E-04 2.85E-04 3.36E-04 4.47E-04 1.00E-03 1.00E-03 
-166 1.75E-04 1.B4E-04 1.93E-04 2.0BE-04 2.27E-04 2.S2E-04 2.BSE-04 3.36E-04 4.47E-04 1.00E-03 1.00E-03 
-160 2.46E-04 2.63E-04 2.B2E-04 3.0SE-04 3.33E-04 3.72E-04 4 .27E-04 S.11E-04 6.79E-04 1.00E-03 1.00E-03 
160 2.46E-04 2.63E-04 2.B2E-04 3.0SE-04 3.33E-04 3.72E-04 4 .27E-04 5.11E-04 6.79E-04 1.00E-03 1.00E-03 
166 1.7SE-04 1.84E-04 1.93E-04 2.0BE-04 2.27E-04 2.52E-04 2.8SE-04 3.36E-04 4.47E-04 1.00E-03 1.00E-03 
180 1.75E-04 1.B4E-04 1.93E-04 2.0BE-04 2.27E-04 2.S2E-04 2.8SE-04 3.36E-04 4.47E-04 1.00E-03 1.00E-03 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Table 4.A.2.a. Tabu lar Convection Heat Transfer Coeffic ient Applied on the Bore Surface of Cylinder 2 and Cylinder 3 (h: 
[W/lIlll1' K ]l 
I~ o (dog. 0 6.6 13.2 19.8 26.4 33 39.6 46.2 52.8 59.4 66 
-180 2.16E-04 2.42E-04 2.05E-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.65E-04 1.66E-04 
.166 2.16E-04 2.42E-04 2.0SE-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
-160 2.81E-04 2.85E-04 2.69E-04 2.S7E-04 2.41 E-04 2.31 E-04 2. 18E-04 2.17E-04 2.16E-04 2.24E-04 2.31E-04 
-
-14 2.81 E-04 2.8SE-04 2.69E-04 2.S7E-04 2.41E-04 2.31E-04 2.18E-04 2.17E-04 2.16E-04 2.24E-04 2.31E-04 
-10 2.16E-04 2.42E-04 2.05E-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
10 2.16E-04 2.42E-04 2. 05E-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
14 2.B1E-04 2.BSE-04 2.69E-04 2.S7E-04 2.41 E-04 2.31E-04 2.18E-04 2.17E-04 2.16E-04 2.24E-04 2.31E-04 
160 2.81E-04 2.BSE-04 2.69 E-04 2.S7 E-04 2.41E-04 2.31E-04 2.1BE-04 2.17E-04 2.16E-04 2.24E-04 2.31E-04 
166 2. 16E-04 2.42E-04 2.0SE-04 1.97E-04 1.B6E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
180 2.16E-04 2.42E-04 2.0SE-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
i 373 
Table 4.A.2.b. Tabular Convection Heat Transfer Coeffi c ient Appli ed on the Bore Surface of Cy linder 2 and Cylinder 3 (h : 
[W/mm' K]) 
~) o (deg.) 72.6 79.2 SS.S 92.4 99 10S.6 112.2 118.S 12S.4 132 220 
-180 1.7SE-04 1.B4E-04 1.93E-04 2.DSE-D4 2.27E-04 2.S2E-04 2.BSE-04 3.36E-04 4.47E-04 1.0DE-03 1.0DE-D3 
-166 1.7SE-D4 1.84E-D4 1.93E-04 2.0BE-D4 2.27E-D4 2.S2E-D4 2.B5E-04 3.36E-04 4.47E-D4 1.0GE-D3 1.DOE-D3 
-160 2.46E-D4 2.63E-04 2.B2E-D4 3.0SE-04 3.33E-04 3.72E-D4 4.27E-D4 S.11E-04 6.79E-D4 1.00E-03 1.0DE-D3 
-104 2.46E-04 2.63E-D4 2.B2E-D4 3.DSE-D4 3.33E-D4 3.72E-D4 4.27E-D4 S.11E-D4 6.79E-D4 1.DOE-03 1.DDE-D3 
-10 1.7SE-D4 1.B4E-D4 1.93E-D4 2.DBE-D4 2.27E-D4 2.S2E-D4 2.BSE-D4 3.36E-D4 4.47E-D4 1.DOE-D3 1.DDE-D3 
10 1.7SE-D4 1.B4E-D4 1.93E-D4 2.DBE-D4 2.27E-D4 2.S2E-D4 2.BSE-D4 3.36E-D4 4.47E-D4 1.DOE-D3 1.DDE-03 
14 2.46E-D4 2.63E-D4 2.B2E-D4 3.DSE-D4 3.33E-04 3.72E-D4 4.27E-D4 S.11E-D4 6.79E-04 1.00E-03 1.DDE-D3 
160 2.46E-D4 2.63E-04 2.82E-04 3.DSE-04 3.33E-04 3.72E-04 4.27E-D4 S.11E-04 6.79E-D4 1.DDE-D3 1.DDE-03 
166 17SE-04 1.B4E-04 1.93E-04 2.DSE-04 2.27E-D4 2.S2E-D4 2.B5E-04 3.36E-04 4.47E-04 1.DDE-03 1.DOE-D3 
180 1.7SE-04 1.B4E-04 1.93E-D4 2.0BE-D4 2.27E-04 2.S2E-04 2.B5E-04 3. 36E-D4 4.47E-D4 1.00E-03 1.DDE-D3 
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Table 4.A.3 . Tabular Convection Heat Transfer Coefficient Applied on the Bore Surface of Cylinder 4 (h : [W/mn/ KJ) 
~ o (dcg. 0 6.6 13.2 19.8 26.4 33 39.6 46.2 52.8 59.4 66 
-180 2.81E-04 2.BSE-04 2.69E-04 2.S7E-04 2.41E·04 2.31E·04 2.1 BE·04 2.17E-04 2.16E-04 2.24E-04 2.31E-04 
-14 2.B1E-04 2.8SE-04 2.69E-04 2.S7E-04 2.41 E-04 2.31E-04 2.l8E-04 2. l7E-04 2.16E-04 2 .24E-04 2.31E-04 
-
-- -
-10 2.l6E-04 2.42E-04 2.0SE-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
10 2.16E-04 2.42E-04 2.0SE-04 1.97E-04 1.86E-04 1.77E-04 1.67E-04 1.66E-04 1.64E-04 1.6SE-04 1.66E-04 
14 2.81E-04 2.8SE-04 2.69E-04 2.S7E-04 2.41E-04 2.31E-04 2.1BE-04 2.l7E-04 2.l6E-04 2.24E-04 2.31E-04 
180 2.B1E-04 2.8SE-04 2.69E-04 2.S7E-04 2.41 E-04 2.31E-04 2.1BE-04 2.l7E-04 2.16E-04 2.24E-04 2.31E-04 
~ 72.6 79 .2 o (deg.) 85.B 92.4 99 10S.6 112.2 118.8 125.4 132 220 
-180 2.46E-04 2.63E-04 2.82E-04 3.0SE-04 3.33E-04 3.72E-04 4.27E-04 5.11E-04 6.79E-04 1.00E-03 1.00E-03 
-14 2.46E-04 2.63E-04 2.82E-04 3.0SE-04 3.33E-04 3.72E-04 4.27E-04 S.11E-04 6.79E-04 1.00E-03 1.00E-03 
-10 1.75E-04 1.84E-04 1.93E-04 2.0BE-04 2.27E-04 2.S2E-04 2.B5E-04 336E-04 4.47E-04 1.00E-03 1.00E-03 
10 1.7SE-04 1.84E-04 1.93E-04 2.0BE-04 2.27E-04 2.S2E-04 2.8SE-04 3.36E-04 4.47E-04 1.00E-03 1.00E-03 
14 2.46E-04 2.63E-04 2.B2E·04 3.0SE·04 3.33E-04 3.72E·04 4.27E-04 S.11E·04 6.79E-04 1.00E-03 1.00E-03 
180 2.46E-04 2.63E·04 2.B2E-04 3.0SE-04 3.33E-04 3.72E-04 4.27E-04 5.11E-04 6.79E-04 1.00E-03 1.00E-03 
375 
... ............ _------------ - ----------------------
Tab le 4.AA . Tabular Heat Flux Load Applied on the Flame Face or Head and Va lve Seats (Q: [W/l11m2)) 
0.00 5.15 10.30 15.45 20.60 25.75 30.90 36.05 41 .20 46.35 51 .50 
0.370 0.378 0.395 0.433 0.488 0.504 0.479 0.416 0.370 0.336 0.311 
0.370 0.378 0.395 0.433 0.488 0.504 0.479 0.4 16 0.370 0.336 0.311 
0.370 0.378 0.450 0.563 0.634 0.655 0.623 0.541 0.481 0.336 0.3 11 
0.370 0.378 0.450 0.563 0.634 0.655 0.623 0.541 0.481 0.336 0.311 
0.370 0.378 0.395 0.433 0.488 0.504 0.479 0.416 0.370 0.336 0.311 
0.370 0.378 0.395 0.433 0.488 0.504 0.479 0.416 0.370 0.336 0.311 
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Table 4.A.5. The Data used for Ploting the Graphs in Figure 4.46 
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Table 4.A.6. The Data used for Ploting the Graphs in Figure 4.47 
The ideal case at which 
the nodes were equivalenced 
490.6250 
481 .2500 
0.75 471 .8750 
462.5000 
453.1250 
443.7500 
434.3750 
2.00 425.0000 
2.25 409.3750 
2.50 393.7500 
2.75 378.1250 
3.00 362.5000 
3.25 346.8750 
3.50 331 .2500 
3.75 315.6250 
4.00 300.0000 
2.00 
2.25 
2 .50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
Conformsl mesh on the Interface 
h=1e4 W/mA2K h=1e8 W/mA2K 
490.6338 490.6250 
481 .2675 481 .2500 
471.9013 471 .8750 
462.5351 462.5000 
453.1689 453.1250 
443.8027 443.7500 
434.4365 434.3750 
425.0703 425.0000 
424.8829 425.0000 
409.2726 409.3750 
393.6622 393.7500 
378.0518 378.1250 
362.441 5 362.5000 
346.8311 346.8750 
331 .2207 331.2500 
315.6104 31 5.6250 
300.0000 300.0000 
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Appendix 4.A.2. Multi-point Constraint Equations (MPC) 
The simplest description of an MPC equation is that it is used to describe the motion of 
one (dependent) OOF in a model as a linear combination of the motion of the one or 
more other (independent) OOFs. A simple example of MPCs is to describe the motion 
of one OOF as the average of two other OOFs. For thermal analysis it is used to 
describe the temperature of one dependent node as a function of the independent nodes 
connected to this node. 
The general equation of MPC is the following; 
" LA,u, =0 
j", l 
or 
where U 0 is the dependent degree of freedom, u, the independent degrees of freedom, 
A, are coefficients of independent nodes and Co is coefficient of dependent node. 
Node I (dependent) 
For example, 
Node 2 (Independent.) Node 3 (Independent.) 
Node 4 (Independent.) 
Figure 4.53. MPC Elements (one dependent and three independent) 
MPC equation; (for Temperature) 
CoT, = A,T, + A,T, + A,T, 
where Co = l, A, =O.4, A,=O.3, A, = 0.3 
ifT, = 40 K, T3= 50 K and T,= 60 K then TJ = 49 K 
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Table 5.A.1. The variation ofHTC on tbe Coolant Interface of Block witb respect to z 
z(mm) Convection Heat Transfer Coefficient (W/mm2K) 
0.0 0.0150 
15.0 0.0140 
30.0 0.0130 
50.0 0.0120 
70.0 0.0110 
95.0 0.0100 
125.0 0.0090 
150.0 0.0085 
175.0 0.0083 
. 
200.0 0.0080 
Table 5.A.2. The variation ofHTC on the Coolant Interface of Head with respect to z 
z(mm) Convection Heat Transfer Coefficient (W/mm2K) 
0.0 0.0500 
·10.0 0.0480 
·20.0 0.0450 
·30.0 0.0420 
-40.0 0.0400 
·50.0 0.0380 
·60.0 0.0350 
·70.0 0.0320 
·85.0 0.0300 
·95.0 0.0280 
·105.0 0.0250 
·120.0 0.0250 
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Appendix 5.A.l. 
The first subcase in section 5.3.2.1 was also conducted with the quarter engine model 
(two half bays of cylinder 1 and cylinder 2). All the steps building up the entire engine 
model were followed for the quarter engine model case. Similar to the previous cases, 
MPC elements were used to tie the cut planes to each other for the quarter model. The 
temperature results of quarter engine block and head are presented in Fig.5.A.l.b and 
Fig.5.A.3.b. The temperature distribution results within the regions of entire model 
which were modelled in the quarter model analysis were compared with the quarter 
engine model, and they turned out to be very similar (see Fig.5.A.l - Fig.5.A.3). 
Fig.5.A.2.a and Fig.5.A.2.b show the temperature distribution on the bore surfaces of 
half cylinder 1 and half cylinder 2 for entire and quarter engine block models 
respectively. The results presented in Fig.5.A.l • Fig.5.A.3 show that the temperature 
, 
distribution on the interbore region between cylinder 1 and cylinder 2 , on the bore 
surfaces of half cylinder 1 and half cylinder 2 and around the valve bridge regions of 
the head looks very similar in the quarter and entire engine models. So, the assumption 
which was made for simplifying the size of the model was reasonable (The main reason 
for the relatively high temperatures occurring around the mid section of bore surfaces is 
related with the coolant jacket design. The coolant does not flow through this section). 
However, the analysis of quarter model does only give information about the 
temperature distribution on the interbore region between cylinder 1 and cylinder 2 and 
exhaust valve bridges of cylinder 1 only. There is a possibility of some other regions 
within the entire engine model to be more critical in terms of temperature distribution. 
For example for this analysis, the results of entire engine model indicated that the most 
thermally critical location for the block occurs around the interbore region between 
cylinder 3 and cylinder 4. Also, within the head, the exhaust - exhaust valve bridge of 
cylinder 2 turned out to be thermally the most critical. 
The results obtained from the entire and quarter engine model indicate that even though 
the comparable temperature results can be achieved between the regions of entire model 
which were modelled in the quarter model and the quarter engine model, thermally 
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critical locations for head and cylinder may occur in other regions than the one 
considered by the quarter model. The analyses conducted with quarter models do give 
information only about the temperature distribution of particular regions of the engine. 
So if the analysis is conducted using the quarter model, then several models must be 
built including different cylinders. Also, it is important to remember that, the 
assumption of using MPC elements to tie the cut planes to each other introduces 
additional errors to the solution. Therefore it is best to perform the analyses with entire 
engine model provided that computer resources enable this, because it is 
computationally more expensive. But there is always a price to pay for higher accuracy. 
Also, the other drawback of limiting the size of the model is related to the data transfer 
from FE analyses to CFD analyses. As explained earlier, an iterative approach is 
followed between the CFD analyses and FE analyses. The heat flux results on the . 
coolant jacket wall obtained from CFD case is used to define the thermal loading on the 
coolant interface of structure in FE analy~es. After running the FE th~imal analysis, the 
temperature distribution obtained on the coolant interface of structure is fed back into 
Fluent to defme coolant jacket wall temperature. However when the quarter or half 
model is used for FE thermal analyses, only the temperature distribution on quarter or 
half of the coolant jacket wall is known respectively and for the rest of the coolant 
jacket wall, the temperature distribution is not known. So for the rest of the coolant 
jacket wall, the same temperature distribution is assumed which may not represent the 
real case. Because in reality there exists no symmetry within the model, so temperature 
distribution on the coolant jacket wall of each cylinder is different from each other. This 
assumption introduces additional errors to the iterative approach. Therefore the best 
approach is to model the entire engine structure and by this way the temperature 
distribution on the entire coolant interface of the structure could be obtained and fed 
back into CFD case. 
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